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Spray absorbers are used in the majority of limestone slurry scrubbers to 

remove sulfur dioxide from the flue gas of coal-fired power plants, and in these 

systems, the mass transfer is primarily liquid film controlled.  Improving the 

fundamental understanding of spray towers should be helpful in the selection, design, 

and optimization of nozzles, spray scrubbers, and other gas-liquid contactors.  Liquid 

phase mass transfer in sprays has been measured with carbon dioxide desorption by 

collecting and analyzing samples of the spray.  Commercial hollow cone nozzles 

were used to determine the effects of spray distance, nozzle pressure drop, and nozzle 

selection on mass transfer performance.  Experiments were conducted with laboratory 

(1/8 to 3/8 inch) and pilot scale (3 inch) nozzles at pressures of 5 to 20 psi.  

Significant mass transfer occurred during sample collection, and a quench sampling 

method was developed to minimize this effect.  Spray impact in the sample collector 

without quenching resulted in 0.2 to 0.7 liquid phase transfer units (NL), compared to 

0.5 to 1.2 transfer units in the spray.  Of the mass transfer in the spray, approximately 

60% occurs in the liquid sheet before droplet formation.  The droplet region can 

account for less than half of the total NL.  Increasing the nozzle pressure drop resulted 

in substantially higher mass transfer during spray impact but had negligible effect on 

the NL of the spray itself.  The spray NL decreased with nozzle size, and spray 

distance appears to scale with the nozzle orifice diameter up to 60 orifice diameters.   
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Chapter 1:  Introduction 
 

Many separations and gas cleaning applications rely on efficient mass transfer 

in gas-liquid contactors.  Various unit operations have been employed to accomplish 

these separations by transferring a given component from one phase into another.  

The most common types of contactors include tray columns and packed columns, and 

a large body of data exists for mass transfer in these systems.  Spray columns are also 

commonly used as gas-liquid contactors for certain separations, but the literature for 

mass transfer in spray contactors is fairly sparse compared to that for trays and 

packing.  In particular, the liquid phase mass transfer characteristics of sprays have 

not been well described and further study is warranted. 

1.1.  APPLICATIONS 
Spray towers have traditionally been used as gas-liquid contactors in 

applications where low gas-side pressure drop is essential and a high degree of 

separation is not required.  Spray nozzles disperse the liquid phase into droplets to 

provide gas-liquid contact area without the need for column internals such as trays or 

packing.  Since the gas stream flows through a fairly disperse droplet region instead 

of through a packing element or the froth on a tray, the pressure drop is much lower 

in spray contactors than in packed or tray columns.  The compression of the inlet gas 

can be a major operating cost, so spray contactors are potentially useful for processes 

with very high gas flow rates and for those at or below atmospheric pressure.  

Examples include flue gas cleaning, carbon dioxide (CO2) capture from flue gas, and 

vacuum distillation/evaporation. 

Another advantage of spray columns over tray or packed columns is that 

sprays are attractive for use with fouling liquids.  Particles in the gas or liquid streams 

can become lodged in packing elements or in the holes on trays.  This fouling reduces 

the free passage and therefore increases the pressure drop through the contactor.  

Severe fouling can affect the gas-liquid distribution or completely plug the internals.  
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On the other hand, since trays and packing are not necessary in a spray column, 

plugging the column internals is not an issue.  Plugging of the spray nozzles may be 

possible if the liquid contains particulates, such as in slurries.  However, many spray 

nozzles are designed with large open passages to reduce the possibility of plugging 

(Fair et al., 1984). 

Unfortunately, the open nature of a spray tower also makes it susceptible to 

severe back mixing in the continuous phase.  The high velocity spray droplets tend to 

entrain the surrounding gas and may result in a well mixed gas phase.  Thus, true 

countercurrent operation is difficult to obtain, and spray towers are often designed to 

provide only one theoretical stage of separation (Fair et al., 1984).  Separations that 

are more difficult require staging the sprays or collecting and re-spraying liquid. 

Sprays have also been used to disperse one liquid phase into another liquid in 

extraction applications.  Much literature has been published on spray extraction, 

including fundamental studies of mass transfer in circulating droplets.  The 

understanding of spray extraction processes may be useful for comparison but may 

not be directly applicable to gas-liquid systems.  The density and viscosity ratios of 

the dispersed to the continuous phases for liquid-liquid systems are so different from 

gas-liquid systems that relative velocities and droplet behavior may vary widely. 

(Clift et al., 1978) 

1.2.  FLUE GAS DESULFURIZATION 
One of the primary applications for spray contactors is in flue gas 

desulfurization (FGD).  In coal-fired power plants, the presence of sulfur in the coal 

leads to the formation of sulfur dioxide (SO2).  Sulfur oxides pose serious risks to 

human health, and the need for controlling their emissions has been acknowledged for 

many years.  Furthermore, other oxidation products of SO2, such as acidic sulfates, 

lead to acid rain as well as their more direct health threats. 
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1.2.1.  Historical implementation 
In the U.S., the 1970 Clean Air Act called for national ambient air quality 

standards to limit the ambient concentrations of sulfur oxides and various other 

pollutants.  The Clean Air Act also called for New Source Performance Standards 

(NSPS) that required all new industrial sources to install the best-demonstrated 

pollution control technology.  The Environmental Protection Agency promulgated 

standards for the regulated air pollutants in 1971 and worked with the states to 

develop State Implementation Plans for reducing the emissions of sulfur oxides.  

FGD systems were regarded as the best available technology for controlling SO2 

when low-sulfur fuels were unavailable.  In addition, only FGD technologies were 

able to achieve the emissions standards in the time required by the Clean Air Act 

(Train, 1976). 

FGD systems installed under the NSPS became operational in about 1977, and 

additional amendments to the Clean Air Act were passed that year as well.  The 

Lowest Achievable Emission Rate was required for sources in non-attainment areas, 

and the Best Available Control Technology was required for all other new sources 

(Gage, 1980).  The electric utility industry was required to remove up to 90% of the 

SO2 from the flue gas of power plants.  The standard was dependent upon the sulfur 

content of the coal being used, varying from 90% down to 70% removal for the low 

sulfur coals.  In 1990, deregulation allowed the construction of natural gas instead of 

coal-fired power plants.  Since gas did not produce high SO2 emissions, FGD systems 

were not installed into new plants.  However, FGD continues to be used in retrofits of 

existing coal-fired facilities  

3 

The Clean Air Act amendments of 1990 created a two-phase plan to reduce 

acid rain caused by SO2 and nitrogen oxides (NOx) emissions.  Title IV of the Clean 

Air Act called for SO2 emissions to be reduced to 10 million tons below 1980 levels.  

Phase I of the Acid Rain SO2 Reduction Program ran from 1995 to 1999 and 

allocated emissions allowances to 261 generating units.  In order to comply with 

Phase I, 52% of the units switched to lower sulfur fuels, which was found to be a 



 

relatively inexpensive compliance option.  Another 32% of the units received or 

purchased sufficient allowances to cover their emissions.  Scrubbers were installed in 

10% of the units, in some cases over-complying with Phase I in anticipation of the 

tighter limits of Phase II.  With these methods, the units under Phase I reduced SO2 

emissions from 9.3 million tons in 1985 to 4.4 million tons in 1995 (EPA, 1997). 

Phase II of program, which began in 2000, affects more than 2,000 units and 

has more stringent requirements than Phase I.  A permanent cap on the number of 

SO2 allowances restricts the total emissions to 8.95 million tons (EPA, 2001).  

Scrubbers may need to be installed to meet the required emissions reductions.  

Advances in scrubbing technology have achieved removal efficiencies of 95% or 

more in retrofit applications and 99% or more in new installations (Jozewicz, 1999). 

Recently, in 2000 and 2001, energy crises such as the rolling blackouts in 

California have highlighted concerns over energy production.  In May 2001, the Bush 

administration released a National Energy Policy, which included a higher priority on 

increased production of oil, coal, gas, and nuclear energy (U.S. DOE, 2001; PBS 

Frontline, 2001).  If more coal-fired power plants are to be constructed, then FGD 

scrubbing will most likely continue to be an essential part of maintaining 

environmental standards. 

1.2.2.  Wet FGD spray scrubbing 
Wet scrubbing is the most proven FGD process, and it is commercially well 

established in most industrialized countries.  In wet FGD applications, the SO2 is 

absorbed from the flue gas with an aqueous solvent, which is typically sprayed into 

the flue gas.  Wet scrubbing processes comprise 85% of the market for flue gas 

desulfurization, and 80% of installed FGD systems worldwide are wet scrubbers.  The 

wet lime (CaO) or limestone (CaCO3) slurry process accounts for 70% of the market 

for FGD systems (Oskarsson et al., 1997). 

The status of SO2 scrubbing in the U.S. at the end of 1998 is summarized in 

Table 1.1 (Jozewicz et al., 1999).  FGD systems were installed on 235 units 

4 



 

representing 100,000 MW of capacity.  Wet FGD technology accounted for 178 units 

or 82,900 MW of electricity producing capacity.  Of these, the lime/limestone 

processes dominate the applications because of high SO2 removal efficiency, cost 

effectiveness, and production of salable byproduct.  Although lime is more reactive, 

the limestone process is preferred over lime because the limestone is less expensive.  

The preferred process for wet FGD worldwide is the limestone forced oxidation 

process, in which reaction products are oxidized to gypsum.  The gypsum has 

superior dewatering characteristics, and commercial grade gypsum may be produced 

and sold for wallboard manufacturing. 

Table 1.1. Capacity (MW) and number of units with FGD technology in 1998 
(Jozewicz et al., 1999) 

Technology United States Abroad World Total 

Wet Limestone 55,540 107,790 163,330 

 Lime 14,196 6,976 21,172 

 Dolomitic lime 10,292 50 10,342 

 Other 2,831 1,558 4,389 

 Subtotal MW 
(number of units) 

82,859 
(178) 

116,374 
(356) 

199,233 
(534) 

Dry Subtotal MW 
(number of units) 

14,386 
(49) 

11,008 

(74) 

25,394 
(123) 

Other Subtotal MW 
(number of units) 

2,798 
(8) 

2,059 
(13) 

4,857 
(21) 

Total MW 
(number of units) 

100,043 
(235) 

129,441 
(443) 

229,484 
(678) 

 
Limestone scrubbing is accomplished in various types of contactors, including 

spray towers, venturi scrubbers, and static and mobile packed beds.  However, 

countercurrent spray contactors are the most commonly used (Brogren and Karlsson, 

1997).  Spray towers were developed for limestone slurry scrubbing by Chemico, and 

the first commercial unit was installed in the Texas Utilities Monticello plant (Hewitt 
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and Saleem, 1980).  Spray scrubbers are an attractive technology for flue gas 

desulfurization because of their low gas-side pressure drop, low maintenance costs, 

and relatively inexpensive equipment.  Since slurry would tend to foul packing or 

trays, spray scrubbers avoid maintenance costs associated with shutting down and 

cleaning the column internals (EPA, 2000).   

1.2.3.  Description of limestone slurry scrubbing in spray towers 
In spray towers, the liquid slurry is discharged through nozzles at high 

velocity, e.g. about 40 ft/s for a typical pressure drop of 10 psi across the nozzle.  The 

slurry exits the nozzle as a contiguous sheet of liquid, and then aerodynamic 

instabilities cause the sheet to disintegrate into drops (Lefebvre, 1989).  The 

formation of droplets provides gas-liquid contact area and facilitates the mass transfer 

between the gas stream and the limestone slurry. 

A diagram of a limestone slurry scrubbing spray tower is given in Figure 1.1.  

The flue gas containing SO2 enters the bottom of the absorber and countercurrently 

contacts limestone slurry, which is sprayed into the absorber through a series of spray 

headers.  In the figure, only two levels of spray headers are shown, but two to six 

spray headers may be commonly used.  Each spray header contains several nozzles in 

a grid arrangement.  The vertical spacing between the spray headers is typically from 

four to six feet (1.2 to 1.8 m).  The nozzles on a given spray header are positioned to 

obtain good coverage of the tower cross-section and to prevent gas from bypassing or 

“sneaking” past the spray.  The actual nozzle spacing varies, but according to an 

experienced practitioner, a rule of thumb for 90° spray nozzles gives a nozzle spacing 

of about four feet, or 1.2 m (Laslo, 2002).   
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Flue gas 
(SO2, CO2, 
NOx, Hg, etc.) 

Fresh CaCO3 

Exit gas 

Bleed 
stream 

Hold (Reaction) Tank 

Mist eliminators 

Air  
Figure 1.1. Spray absorber for flue gas desulfurization by limestone slurry 

scrubbing 

Since the nozzles often are closely spaced, interaction between the sprays 

from different nozzles is expected to become significant at some distance.  For 

example, if the nozzle horizontal spacing is four feet, then the spray within a two-foot 

radius of the nozzle may be essentially independent of sprays from other nozzles, but 

beyond that two-foot radius, interaction between the sprays may become significant.  

This spray tower configuration also means that the interior of the spray tower is not 

completely open but is occupied by a variety of pipes and nozzles associated with the 

spray headers.  Thus, many spray droplets are likely to collide with other sprays, the 

tower walls, or the piping of adjacent spray headers before impacting and 

accumulating in the bottom of the absorber. 

The SO2 is absorbed into the spray and reacts with the dissolved limestone, 

and the cleaned gas passes through mist eliminators to catch any entrained droplets 

before exiting the top of the absorber.  Meanwhile, the spent slurry falls to the bottom 

of the absorber, into the hold tank or reaction tank.  In the hold tank, fresh limestone 

is added, and if the scrubber is operated in forced oxidation mode, air may be used to 
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oxidize sulfite species to sulfate.  The calcium sulfate is removed in a bleed stream 

and crystallized for disposal or sale as gypsum byproduct.  The fresh slurry is 

recycled to the spray headers. 

1.3.  MASS TRANSFER BACKGROUND 
The absorption of SO2 in a limestone slurry scrubber is a complex process 

involving mass transfer with chemical reaction.  In order to understand the 

performance of a spray scrubber, some background in interfacial mass transfer is 

needed.  The transfer unit approach for modeling and characterization of mass 

transfer in contacting devices is also introduced. 

1.3.1.  General interfacial mass transfer 
As a molecule of gas is absorbed into a liquid phase, it may encounter 

significant mass transfer resistance in either phase.  The flux of species A may be 

calculated as the concentration driving force in a given phase multiplied by the mass 

transfer coefficient in that phase.  If species A is involved in a chemical reaction in 

the liquid boundary layer, then the mass transfer coefficient is modified to include an 

enhancement factor.   

  (1.1) ( ) ( ) ( ∞∞∞ −=−=−= AAi
o
LAAiLAiAgA CCEkCCkPPkN )

Thus, the effective mass transfer coefficient for the liquid phase is separated 

into a physical mass transfer coefficient, which accounts for diffusive and convective 

contributions to mass transfer, and an enhancement factor, which depends on the 

chemical reaction kinetics and concentrations of other species that react with species 

A.  The interfacial concentrations are typically unknown, but they are assumed to be 

in equilibrium at the interface so that the flux equations can be written in terms of 

overall driving forces and overall mass transfer coefficients.   
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In order to characterize the system fully, the chemical reaction kinetics, gas 

solubility, and the mass transfer coefficients in both phases must be known.  

However, simplifications or approximations can be made if the overall resistance to 

mass transfer is considered as the sum of resistances in the gas and the liquid phases.  

The rate of mass transfer may be gas or liquid phase controlled, depending on where 

most of the resistance to mass transfer occurs.  For relatively soluble gases (small HA) 

and/or fast chemical reactions (large E), the mass transfer tends to be gas phase 

controlled (KG ≈ kg).  On the other hand, for relatively insoluble gases, the liquid 

resistance tends to dominate the mass transfer. 

1.3.2.  Transfer units 
When describing the mass transfer performance of a contactor, the number of 

mass transfer units is often used.  The transfer unit expression can be derived by a 

material balance on one phase in a differential section of the contactor.  In terms of 

the liquid phase and a liquid phase mass transfer coefficient, mass transfer of species 

A into the liquid phase results in a concentration change. 

 ( )
dt
dndCQdACCk ALiAAiL +=−  (1.3) 

At steady state, the accumulation term is zero, and the equation can be 

rearranged and integrated over the entire column to obtain the expression for the 

number of liquid phase transfer units for the contactor. 

 ∫∫ =
−

=
iout,A

in,A

A

0 L

iL

C

C AAi

A
L Q

dAk
CC

dCN  (1.4) 
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Similar developments can be used to obtain expressions for the number of gas 

phase transfer units (Ng), overall gas phase transfer units (NOG), and overall liquid 

phase transfer units (NOL) in terms of the appropriate mass transfer coefficients and 

volumetric flow rates. 

1.3.2.1.  Calculation of column height 
Usually, as in the case of a packed column, the above equation would be 

integrated over a section of the column to determine the height of packing required.  

In order to perform this integration, several assumptions or simplifications are often 

made.  The differential interfacial area (dAi) is expressed as the product of the 

interfacial area per unit contactor volume (a), column cross-sectional area (Acs), and 

differential column height (dz).  An average value of kL would also be assumed so 

that all the terms on the right hand side of the equation are constant except for z.  

Then, the height of a liquid phase transfer unit is defined as the superficial liquid 

velocity divided by kLa. 

 z
H
1z

AQ
akN

LcsL

L
L ==  (1.5) 

The concentration integral is slightly more complicated, but a good 

approximation is the concentration change divided by the log mean concentration 

driving force.  The log mean driving force is an accurate approximation if CAi is 

constant or a linear function of CA.  This condition is satisfied for dilute solutions, 

which obey Henry's Law and for which the L/G ratio does not change over the 

column.  Then, the equilibrium and operating lines are straight, and the log mean is an 

appropriate average driving force. (King, 1980) 
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1.3.2.2.  Application to sprays 
The above analysis is useful for packed columns because the cross-sectional 

area and the interfacial area per unit contactor volume are constant.  If the interfacial 

area is not well distributed over the contactor volume, then the area per unit volume 

term changes with position.  The height of a transfer unit is not constant, and this 

form of the equation cannot be integrated conveniently to analyze the performance of 

the contactor.  Thus, this type of analysis can be useful for spray columns only far 

from the spray nozzles, but close to the nozzle, the spray is conical and necessarily 

not yet well distributed over the contactor cross-section.  In the spray scrubber shown 

in Figure 1.1, nearly all of the contactor volume consists of regions where the spray is 

conical and not well distributed, so equation (1.5) is of limited use in describing the 

mass transfer characteristics of the scrubber. 

As an alternative, the material balance may be performed on a moving control 

volume, such as a droplet or other element of fluid. 

  (1.7) ( dtCCAkVdC AAiiLA −= )
The number of transfer units can be defined in terms of concentrations as 

before, but instead of an interfacial area per unit contactor volume (a), the ratio of 

area to liquid volume (aL) is used. 

 takdtak
CC

dCN LL

t

0

LL

C

C AAi

A
L

out,A

in,A

∆==
−

= ∫∫  (1.8) 

This type of analysis assumes that the fluid element (droplet) can be 

considered independent of other fluid elements in the system.  For example, equation 

(1.8) would be an appropriate expression for the NL of a droplet that does not undergo 

significant secondary breakup or coalescence with other droplets. 
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1.4.  LITERATURE SUMMARY 

1.4.1.  Limestone slurry scrubbing 
The chemical reactions in the limestone slurry have been studied extensively 

under well-characterized mass transfer conditions (Gage and Rochelle, 1992), and 

computer simulations have been employed to study the effect of different parameters 

on SO2 removal.  Examples include the work of Noblett et al. (1995), Agarwal 

(1995), Brogren and Karlsson (1997), and DeVincentis (1998).  However, in these 

models, the liquid mass transfer coefficient usually must be provided or assumed, and 

the simulations are used to study the effect of other parameters on SO2 removal.  For 

example, Brogren and Karlsson assumed liquid mass transfer coefficients of 0.07 

cm/s near the nozzle and 0.02 cm/s away from the nozzle.  DeVincentis assumed a 

ratio of g
o
L kk  equal to 200 atm·cm3/mol.   

Brogren and Karlsson calculated the gas phase mass transfer coefficient and 

the chemical reactions and showed that the mass transfer is liquid phase controlled in 

much of the absorber.  Near the nozzles at the top of the absorber, their calculated gas 

phase resistance is 60% of the total mass transfer resistance.  Near the nozzles at the 

bottom of the absorber, the mass transfer is 40% gas phase controlled.  With the 

lower kL values away from the nozzles, Brogren and Karlsson found that the gas 

phase resistance only accounted for 15% of the total.  Therefore, the liquid phase 

mass transfer is an important parameter for limestone slurry scrubbing in spray 

towers, and it should be better understood. 

1.4.2.  Mass transfer in limestone slurry scrubbing 
Alternatively, one might attempt to regress liquid mass transfer coefficients 

from actual plant data.  However, in commercial applications, the spray tower often 

has several spray nozzles positioned at different levels and orientations.  Multiple 

nozzles may be placed at the same height and/or at various other heights within the 

tower.  In addition, nozzles may be directed upward as well as downward.  
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Consequently, the sprays from different nozzles may interact with each other and can 

form complex patterns.  The interaction of these sprays can make the regression of 

liquid phase mass transfer coefficients difficult. 

Nevertheless, a rough estimate of the liquid phase mass transfer in a limestone 

slurry scrubber can be made.  The base case parameters of DeVincentis (1998), given 

in Table 1.2, may be assumed representative values for a spray scrubber.   

Table 1.2. Parameters for base case simulation of limestone slurry scrubbing 
(DeVincentis, 1998) 

Spray levels 4 

L/G per level 25 gal/mcf 

Total Ng 6.9 

g
o
L kk  200 atm·cm3/mol 

 
Using the definitions of NL and Ng, the ratio of the transfer units is calculated 

from the mass transfer coefficients and the volumetric flow rates of gas and liquid. 
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For consistent units, the RT term in equation (1.9) converts the gas phase 

mass transfer coefficient from kg for a partial pressure driving force to kc for a 

concentration based driving force. (Hines and Maddox, 1985; among others)  With 

these values, a total NL for the spray scrubber was estimated at 3.8. 

The presence of four spray levels leads to the question of how to distribute the 

total NL among the different sprays.  If each spray header contributes equally to the 

total NL, then an NL per spray header of 0.95 would be expected.  However, 25 

gal/mcf of fresh liquid is introduced at each spray level.  If the spray is only active in 

the level where it is introduced, then the liquid from each spray header may be 

considered independently.  This situation would be consistent with all of the mass 

transfer occurring at the nozzle and independently of other sprays.  Conceptually, 
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these assumptions would be equivalent to removing the spray from the bottom of 

each spray header as shown in Figure 1.2a.  Each of the spray levels would have an 

NL of 3.8.   

1.2a 1.2b  
Figure 1.2. Estimating NL per spray level 

If the spray levels are not independent, then liquid from one spray header 

could remain active in subsequent spray levels.  DeVincentis used this approach 

(Figure 1.2b) in modeling the spray tower.  At the bottom of each spray level, the 

spent slurry from above was mixed with fresh slurry and sprayed into the next level.  

Thus, the L/G increases as the liquid flows down the absorber.  DeVincentis assumed 

a constant g
o
L kk  and a profile of Ng values for the spray levels.  The Ng values for 

the lower spray levels decrease slightly because less efficient mass transfer and/or 

droplet agglomeration were expected.  The Ng profile and the corresponding NL 

values are given in Table 1.3.  An additional section was included at the bottom of the 

absorber to model the region between the last spray level and the reaction tank.  No 

new slurry was added to this section. 
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Table 1.3. Spray level mass transfer units 

Spray level Ng NL 

1 (top) 1.9 4.2 

2 1.7 1.9 

3 1.5 1.1 

4 1.3 0.7 

Bottom 0.5 0.3 
 

Therefore, estimates of NL for each spray header in a limestone slurry 

scrubber cover a wide range, from 1 to 4, depending on the assumed interaction 

between the sprays.  Uncertainty in the g
o
L kk  and Ng parameters from DeVincentis 

would also affect the estimate of NL.  For example, Agarwal performed modeling and 

parameter estimation for limestone slurry scrubbing in a turbulent contact absorber.  

The g
o
L kk  and Ng parameters were regressed for a large-scale contactor and found 

to be 271 ± 103 cm3atm/mol and 2.97 ± 0.54 , respectively.  The parameters had high 

negative covariance, and Agarwal reported elliptical confidence regions to represent 

uncertainty in the estimates. 

1.4.3.  Other spray literature 
Relatively little data are available for mass transfer in sprays, and many of 

them may not be applicable to FGD systems.  Most of the literature for mass transfer 

in sprays has been limited to small spray droplets, about 200 µm in diameter, but the 

droplets in limestone slurry scrubbing are typically in the 2000 µm range.  Some data 

has been published for droplets in the appropriate size range, but the experiments 

focused on single droplets at or below terminal velocity.  In the spray, droplets are 

formed at high velocity and decelerate during fall, but it is not clear that they would 

ever reach terminal velocity in a commercial scrubber. 

Previous researchers measured the bulk concentrations of the gas and liquid in 

and out to determine the mass transfer performance of the spray.  However, this 
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approach neglected mass transfer during sampling and wall effects, which lead to 

overestimates of the spray mass transfer.  Since the overall removal is usually the 

goal of a scrubber, this error may not be significant if characterizing a particular unit.  

However, extrapolating such data to new designs may be problematic because the 

mass transfer may not be occurring in the spray as expected.  The other sources of 

mass transfer not only inflate the magnitude of the mass transfer, but they may also 

differ from spray droplet mass transfer in their dependences on distance, velocity, etc.   

A more detailed review of the literature and theory for mass transfer in sprays 

is given in Chapters 2 and 3.   

1.5.  RESEARCH OBJECTIVES AND SCOPE OF WORK 
The primary objective of this work is to measure the liquid phase mass 

transfer in sprays representative of those found in flue gas desulfurization.  The 

resulting data improves the fundamental understanding of mass transfer in gas-liquid 

systems, particularly in large droplets at high velocity and soon after droplet 

formation.  In addition, this work provides a more detailed understanding of the 

processes at work in a spray contactor and their relative significance for liquid phase 

mass transfer.  Data for mass transfer during spray droplet formation, fall, and impact 

are presented that demonstrate the large magnitude of mass transfer during droplet 

formation and impact relative to mass transfer to falling droplets. 

To avoid wall effects, local measurements of the spray were conducted so that 

the mass transfer as a function of distance could be measured more accurately.  

Consequently, this work also involved designing laboratory and pilot scale 

experimental spray columns and methods for liquid sample collection from a high 

velocity gas-liquid stream.  Sample collection devices and methods were developed to 

measure mass transfer during spray impact and sample collection.  The sampling 

effect was minimized in order to measure the mass transfer performance of the spray 

accurately.  The description of the equipment and the validation of the experimental 

methods are the subject of Chapter 4. 
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Data for the spray NL as a function of operating parameters such as nozzle 

size, distance from the nozzle and nozzle pressure drop are presented in Chapter 5.  

Semi-empirical correlations and theoretical interpretations of the mass transfer 

observed in the spray are also discussed.  Spray impact mass transfer is examined in 

Chapter 6 to measure the significance of the effects and to address the question of 

where mass transfer occurs in a real spray contactor.  Chapter 7 summarizes the 

conclusions for mass transfer in sprays and during spray impact.  Finally, the 

implications of this work and recommendations for further research are discussed in 

more detail in Chapter 8. 

These measurements of the liquid phase mass transfer in spray contactors 

should be useful for describing the performance of wet FGD limestone slurry 

scrubbers.  This understanding can also have a strong influence on the selection, 

design, and innovation of nozzles, spray towers, and other types of gas-liquid 

contactors.   
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Chapter 2:  Literature Review 
 

Properties of sprays are reviewed and summarized below.  First, a brief survey 

of the general characteristics of sprays and spray nozzles is presented.  The basic 

processes of spray droplet formation are introduced so that a discussion of mass 

transfer before and after droplet formation can follow.  The basic description also lays 

the foundation for a more theoretical discussion in the following chapter.  Finally, the 

literature for liquid phase mass transfer in sprays is reviewed.  Special attention is 

given to sample collection issues and wall effects because they limit the applicability 

of data from one column to another system. 

2.1.  SPRAY NOZZLES 
Several kinds of spray nozzles are available and may be classified by the 

spray pattern produced and the mode of spray formation.  Nozzles are selected for a 

particular application based on the desired spray characteristics, such as the flow rate, 

spray pattern, or the droplet size.  In addition, the nozzle style and the nozzle material 

are usually selected for chemical compatibility and resistance to erosion and/or 

plugging. 

2.1.1.  Spray patterns 
Spray nozzles can generate a variety of patterns, including flat spray, full 

cone, and hollow cone spray patterns (Figure 2.1).  The flat spray pattern is a thin, 

triangular spray and has a rectangular or elliptical cross section.  The full, or solid, 

cone spray pattern is a conical spray with a circular impact area, which makes full 

cone nozzles useful for applications like liquid distribution onto packing (Trompiz 

and Fair, 2000).  The hollow cone spray pattern is a conical spray with a ring shaped 

impact pattern.  A hollow cone spray nozzle also generates smaller droplets than a 

full cone spray of comparable flow rate.  Since the smaller droplets have greater area 
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per unit volume, hollow cone sprays are sometimes favored for heat and mass transfer 

applications. 
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Figure 2.1. Common spray patterns 

2.1.2.  Nozzle designs 
Several types of nozzles are also widely used and may be classified by the 

nozzle geometry or mode of spray formation.  Fan spray nozzles have narrow, 

elongated orifices, either rectangular or oval shaped.  When the liquid flows through 

the orifice, a thin flat sheet of liquid is formed.  As the sheet extends, it tends to 

spread and the thickness of the sheet decreases until the sheet breaks up due to 

aerodynamic instabilities.   

Jet impingement nozzles consist of a liquid jet and an impact surface.  After 

the jet impinges on the surface, the deflected liquid spreads and forms a sheet of 

liquid that expands radially and then disintegrates.  Spiral nozzles are similar in 

principle because the liquid impinges on the spiral “pigtail” and is deflected to form a 

conical sheet of liquid.  The spiral can also be designed so that two or more 

concentric cones are formed, and a full cone spray pattern is generated.   

In centrifugal nozzles, also called pressure swirl or tangential nozzles, the 

fluid enters a hollow chamber through one or more tangential inlets and swirls around 

inside the chamber before exiting the orifice of the nozzle.  The rotational flow inside 

the whirl chamber results in the formation of an air core, and the liquid exits the 
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nozzle orifice as a conical liquid sheet, which then breaks up into droplets.  In some 

nozzles, the rotational flow is generated by turning vanes inside the nozzle body 

instead of tangential inlets. 

The most common type of spray nozzle in limestone slurry scrubbing is the 

centrifugal hollow cone nozzle.  The centrifugal nozzles have large open passages, 

which are less likely to become obstructed by slurry particles.  These nozzles generate 

hollow cone sprays by the breakup of a conical sheet of liquid.  Since some types of 

nozzles generate full cone sprays by forming concentric conical sheets, the mass 

transfer with the hollow cone nozzles should be indicative of these types of full cone 

nozzles as well. 

2.1.3.  Drop size distributions 
Spray nozzles generate a spectrum of droplet sizes, and various mathematical 

forms have been used to characterize the droplet size distribution.  The log-normal 

distribution describes many particle size distributions found in nature.  If the droplet 

size is assumed to result from a large number of small impulses and their effects are 

proportional to the droplet size, the log-normal distribution can be derived 

theoretically (Marshall, 1954). 
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where  f(d) is the distribution function, the number of droplets of diameter d 

σg is the geometric standard deviation 

dng is the number geometric mean drop diameter 

Several empirical distribution functions have also been developed to represent 

the droplet size distribution.  The Rosin-Rammler distribution is the most widely used 

empirical distribution function (Lefebvre, 1989). 
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where Q(d) is the volume fraction in droplets of diameter less than d 

q and x are empirical distribution parameters 

The distribution parameter x is a representative droplet diameter, for which 

Q(d) = 1 – 1/e.  Thus, 63.2% of the spray volume is contained in droplets whose 

diameter is less than x.  The parameter q can be interpreted as a measure of the spread 

of the distribution.  If q is large, then the spread of the distribution is small and the 

spray is more uniform.  The distributions from most spray nozzles are described well 

by values of q between 1.5 and 4. 

In practice, the drop size distribution is simplified by reporting mean or 

characteristic diameters, which are chosen to represent the important qualities of the 

spray for a given application.  According to ASTM standard E799-92, various 

characteristic drop sizes may be represented systematically by 
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For example, in mass transfer applications, the ratio of surface area to liquid 

volume is important so the Sauter or surface-volume mean diameter is often used.  

The Sauter mean is the diameter of a spherical droplet that has the same surface to 

volume ratio as the entire spray.  Several characteristic droplet diameters are given in 

Table 2.1 along with some fields of application. 
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Table 2.1. Characteristic diameters for droplet size distributions 

Name(s) Symbol Application 
Arithmetic mean d10 Evaporation rates, comparisons 
Surface area mean d20 Surface area controlled 

processes (e.g. absorption) 
Volume mean d30 Hydrology  
Surface-diameter mean d21 Adsorption 
Evaporative mean d31 Evaporation, molecular diffusion 
Volume/surface (Sauter) mean d32 Mass transfer 
Mean diameter over volume 
(DeBroukere or Herdan mean) 

d43 Combustion 

Volume median dV0.5  
 

Usually, the volume median diameter is reported by the nozzle manufacturer 

to characterize the droplet size for a given spray.  Data for dV0.5 is often readily 

available as a function of operating pressure for nozzles spraying water under 

laboratory conditions.  If the droplet size distribution is described by the Rosin-

Rammler distribution, the parameter q can be used to calculate the other characteristic 

diameters from the volume median.  For the Sauter mean diameter,  
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Data provided by the Spraying Systems Company for their centrifugal hollow 

cone nozzles give the Sauter mean diameter as a function of the volume median 

(Appendix A).  This data is consistent with a q value of 2.2. 

2.2.  SPRAY FORMATION 
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The primary function of a spray nozzle is the dispersion of one liquid into 

another fluid, and the act of spray formation can be accompanied by mass transfer.  

Therefore, some background on the fluid dynamics of droplet breakup is essential to a 

complete understanding of the mass transfer in sprays.  The goal of this section is 

merely to describe the basic phenomena that lead to spray droplet formation.  This 

introduction shows that the spray consists of two distinct regions: (1) a liquid 

continuous region before and/or during breakup and (2) the spray droplet region.  A 



 

more detailed discussion of the theory and fluid dynamics of breakup is reserved for 

Chapter 3. 

2.2.1.  Jet breakup 
A simple example of droplet formation is Rayleigh’s classic example of 

cylindrical jet breakup (Rayleigh, 1878).  Rayleigh showed that a cylindrical jet of 

inviscid fluid was unstable to symmetric disturbances (Figure 2.2).   

do 

λ 

dp 

 

Figure 2.2 Rayleigh jet breakup due to dilational disturbances 

For a cylinder of fluid with diameter do, rotationally symmetric sinusoidal 

disturbances with wavelength λ > do will tend to grow.  Eventually, the amplitude of 

the disturbance becomes as large as the jet radius, and the jet is pinched off.  The 

volume of fluid within one wavelength then contracts into a droplet of diameter dp.  In 

addition, a linear stability analysis shows that the fastest growing disturbance has λ = 

4.51do, so the breakup of an inviscid cylindrical jet would be expected to generate 

droplets with dp = 1.89do. 

2.2.2.  Sheet breakup 
In centrifugal spray nozzles, a conical sheet of liquid is formed instead of a 

jet.  As the liquid moves farther away from the nozzle, the cone expands and the sheet 

thins.  The breakup of sheets occurs by a wavy mechanism (Figure 2.3), as opposed to 

the dilational, symmetric disturbances that govern jet breakup (Fraser et al., 1962).  In 

the sheet, asymmetric disturbances grow, and waves form.  These waves thin the 

sheet even more, until it breaks into ribbons.  The ribbons contract into cylindrical 

ligaments oriented perpendicular to the direction of motion, and the ligaments then 

disintegrate similar to Rayleigh's invisid jet. 
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(b) 

(a) 

(c) 

 

Figure 2.3 Centrifugal hollow cone spray nozzle (a) top view (b) side view (c) 
sheet breakup and spray droplet formation 

2.3.  MASS TRANSFER IN SPRAYS 
Relatively little data is available for mass transfer in sprays, compared to trays 

or packed gas-liquid contactors.  In addition, much of the data consists of bulk 

measurements for the entire contactor, where the mass transfer is measured by an 

overall concentration change between the inlet and the outlet gas and/or liquid 

streams.  With such measurements, mass transfer during droplet formation, spray 

interaction, wall effects, and sample collection are often neglected.  All of these 

effects become indistinguishable from spray mass transfer, and the overall results are 

frequently interpreted as droplet mass transfer even though several fundamentally 

different processes may be at work.  As a result, limited reliable information exists for 

mass transfer in sprays as a function of distance or for the relative importance of mass 

transfer occurring in different parts of the spray contactor. 
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Table 2.2. Literature on liquid phase mass transfer in sprays 
Column (m)  Nozzles dV0.5 (µm) 
D Z 

NL 

Pigford and 
Pyle, 1951 Full cone (1-6) ~ 200 0.80 1.32 1.2 - 3.5 

Mehta and 
Sharma, 1970 Full cone 420 - 600 0.21 1.23 ~0.9 - 1.6 

Epstein, 1975 Spiral (full?) cone nozzles on 
2-4 headers * 2.4 6.4 * 

Lin et al., 
1977 Flat spray 180 - 380 0.4 0.2 1.0 - 3.0 

Simpson and 
Lynn, 1977 

Jet impingement, fan, 
centrifugal ~150 0.45 1.37 ~3.5 

Pinilla et al., 
1984 Full cone 3400 - 3800 0.45 1.30 * 

Jarvis and 
Burke, 1988 

Single full cone nozzle on 6 
headers 600 - 1600 1.5 7.2 * 

McWhirter et 
al., 1995 (Surface aeration) * n/a n/a 0.6 - 0.7 

Taniguchi et 
al., 1997 Full cone 100 - 300 0.18 0.50 * 

Dimiccoli et 
al., 2000 Full cone ~100 * * * 

* = Values were not reported 

2.3.1.  Transfer units 
Pigford and Pyle (1951) measured the number of gas and liquid phase transfer 

units in a 0.80 m diameter spray contactor with one to six spray nozzles.  Oxygen was 

desorbed from water and the liquid concentrations of the inlet and outlet were 

analyzed to obtain a total NL for the unit.  In experiments with six full cone nozzles, 

the NL of the contactor was approximately proportional to the total liquid flow rate.  

This proportionality could also be interpreted as a square root dependence on the 

nozzle pressure drop.  NL was independent of gas flow rates until about 600 lb/ft2hr, 

which corresponds to a gas velocity of about 0.7 m/s or the terminal velocity of a 

spherical water droplet approximately 180 µm in diameter.  Since the volume median 

diameter of the droplets in these experiments was about 200 µm, a significant fraction 

of the spray might be entrained at the higher gas velocities.   

By reducing the number of nozzles from six to three and increasing the nozzle 

pressure by a factor of four, NL of the contactor was increased by 2.8 times at the 
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same total liquid flow rate.  If the sprays for the different nozzles did not interact, 

then this result implies that NL varied with (∆P)0.74.  The effect of nozzle size was 

estimated by changing the number and size of the nozzles and attempting to maintain 

constant nozzle pressure and liquid flow rate.  Reducing the nozzle orifice diameter 

by 27% had a small effect, but the nozzle pressure also differed by 33% so no effect 

of nozzle size was observed.  Experiments at two nozzle heights (0.66 and 1.32 m) 

showed that NL was not proportional to distance and that mass transfer rates were 

higher close to the nozzle.  The NL at half the nozzle height was 0.76 times that for 

the taller contactor, so NL varied with z0.4.   

Pilot scale FGD work with spray scrubbers was conducted for the EPA and 

the Electric Power Research Institute (EPRI).  Epstein (1975) reported data for SO2 

absorption using a venturi/spray tower, turbulent contact absorber (TCA), and a 

marble bed absorber.  The number of gas phase transfer units was determined by 

absorbing SO2 into sodium carbonate.  Experiments with limestone as the absorbent 

were also conducted and the mass transfer was found to be liquid phase controlled.  

From the definitions of the number of transfer units and KG (see Chapter 1), 
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Note that in Equation 2.5, NL is defined in terms of the physical mass transfer 

coefficient ( ), and m is a phase equilibrium constant similar to a Henry’s Law 

constant.  The equilibrium pressure of SO

o
Lk

2 over the solution was assumed zero, and 

the scrubber performance was modeled as follows.   
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The enhancement factor was assumed to vary with the slurry pH, and the 

physical mass transfer was assumed to vary with the gas velocity and the liquid to gas 

ratio.  The concentration of SO2 in the gas inlet was not found to have a statistically 
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significant effect.  The resulting SO2 removal was fitted to a function of gas velocity 

(Ug) in ft/s, the liquid to gas ratio (L/G) in gal/mcf, and slurry pH.   
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In order to extract NL values from the SO2 removal data, values of m and E 

must be determined.  If the solubility of SO2 in water and the regression for E as a 

function of pH are used, then NL values between 3.8 and 6.6 are computed.  However, 

the presence of chemical equilibrium reactions in the bulk solution increases the 

overall solubility of SO2 in the system.  On the other hand, if the solution approaches 

saturation, then Equation 2.5 is no longer valid and the solubility is effectively 

reduced.  DeVincentis (1998) found that equilibrium limitations could be significant 

in spray scrubbing systems.  

Jarvis and Burke (1988) also conducted sodium tests to obtain Ng values in 

three absorber configurations: a spray tower, counterflow trays, and a packed column.  

Limited data for NOG was also obtained for limestone scrubbing, and the values 

ranged from 0.5 to 1.0.  These values were significantly lower than the Ng values, 

such that the ratio Ng/NOG ranged from 2.8 to 4.0.  As discussed earlier, extracting 

values for NL from this data also requires estimates of m and E.  However, in this 

instance, data for E were not available.  

2.3.2.  Mass transfer coefficients  
Mehta and Sharma (1970) also studied mass transfer in a spray column and 

reported values of kg, kL, and a.  Experiments with a full cone nozzle (estimated dV0.5 

= 420 to 600 µm) were conducted in a spray column 0.205 m in diameter and 1.23 m 

tall.  Values of kLa were reported from 0.004 to 0.015 s-1 for superficial liquid rates of 

19,000 to 41,000 kg/m2hr.  From the column dimensions and Equation 1.5, the NL for 

the contactor varied from 0.93 to 1.62.  Some initial attempts were made to separate 

the liquid flowing down the walls from the spray region in the center of the column.  
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However, distinguishing the two was not possible because of splashing of the liquid 

from the wall.   

Pinilla et al. (1984) measured mass transfer coefficients (kga, kL, and a) and 

axial dispersion in a spray tower 0.45 m in diameter.  A full cone centrifugal nozzle 

was used to generate droplets 3400 to 3800 µm in diameter.  For a nozzle height of 

1.30 m, the volumetric gas phase mass transfer coefficient (kga) was determined by 

absorbing SO2 into NaOH solution.  These values for kga were then used to extract 

values for kL and area from the absorption of CO2 into a carbonate/bicarbonate 

solution with sodium arsenite as a catalyst.  For liquid rates of 1.0 to 1.5 kg/m2s, the 

values of kL ranged from 23 x 10-5 to 5 x 10-5 m/s, and the area was about 90 to 130 

m-1.  These results correspond to kLa values between 0.021 and 0.007 s-1, very close 

to the results of Mehta and Sharma even though the liquid flow rates were ten times 

smaller in the work of Pinilla et al.  However, given the column dimensions, the NL 

values calculated from Equation 1.5 were between 25 and 5. 

Given the column dimensions, the high liquid flow rates, and large droplet 

sizes, wall effects were probably still significant in the results of Pinilla et al.  In both 

the work of Mehta and Sharma and of Pinilla et al., much of the liquid would be 

expected to impact the sides of the column and flow down the walls.  Thus, these data 

may not be applicable to sprays in the large open design of a limestone slurry 

scrubber because such wall effects would not be present. 

2.3.3.  Mass transfer during spray droplet formation 
Lin et al. (1977) and Simpson and Lynn (1977) both commented on the 

significance of mass transfer in the sheet before/during droplet formation.  Lin et al. 

measured the stripping of butane and F-22 refrigerants from water in a vacuum spray 

column using a flat spray nozzle.  The column diameter was wide enough that spray 

did not contact the walls before reaching the bottom of the column.  However, spray 

impact at the bottom of the column still could have contributed to the total mass 

transfer.  The spray nozzle had an orifice diameter of 0.038 cm and generated droplets 
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with Sauter mean diameters of 180 to 380 µm depending on flow rate.  The sheet 

breakup was estimated between 1 and 2 cm, and NL measurements were performed at 

nozzle heights of 6, 13, and 20 cm.  NL values between 1.5 and 2.5 were obtained 

within 0.20 m of the nozzle and increased linearly with distance.  Lin et al. proposed 

the following correlation to represent their data. 
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This correlation assumed that the NOL of the sheet and the droplets have the 

same dependence on gas density (ρg) and liquid velocity (UL).  The exponent on the 

Weber number indicates that the gas pressure has a small effect on the mass transfer 

and that NOL varies with UL
0.4 or (∆P)0.2.  If this correlation is extrapolated back to the 

point of sheet breakup, then two thirds or more of the total mass transfer occurs in the 

sheet and only one third in the droplets.  Lin et al. also noted that the mass transfer in 

the sheet did not agree with predictions based on simple laminar flow.  The 

experimental NOL values of 1.5 to 2.5 were 5-10 times higher than predicted and had 

the opposite dependence on liquid velocity. 

Simpson and Lynn (1977) also performed desorption experiments with carbon 

dioxide, oxygen, butane, and Freon 114 in a vacuum spray chamber.  Experiments 

with jet impingement, fan, and centrifugal nozzles showed that the mass transfer 

performance was much greater than predicted for diffusion into stagnant spheres.  For 

the centrifugal nozzle at a height of 0.26 m, a 97% approach to equilibrium was 

achieved (NL = 3.5), compared with 35% predicted for diffusion into a stagnant 

droplet.  Even at nozzle heights of 2.0 to 6.0 cm, the measured approach to 

equilibrium was about 90% (NL = 2.3).  The sheet breakup length was estimated 

between 1.0 and 2.5 cm, so Simpson and Lynn concluded that most of the mass 

transfer was occurring in the sheet.   
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Simpson and Lynn also compared the observed mass transfer performance 

with a theoretical model developed by Hasson et al. (1964) for sheets of fan spray 

nozzles.  The Reynolds numbers for the sheets indicated semi-turbulent conditions, 

and fair agreement with the model was achieved if an effective diffusion coefficient 

of one to three times the molecular diffusion coefficient is used.  The fan nozzles 

were operated in the turbulent flow regime, and the results could be correlated with 

an average effective diffusion coefficient of eight times the molecular diffusion 

coefficient.  When the jet impingement nozzles were operated in the laminar flow 

regime, the theoretical model matched the experimental data well.  Under turbulent 

conditions, the NL was higher than predicted and independent of flow rate.  The NL 

did exhibit some dependence upon the nozzle orifice diameter and the diffusion 

coefficient for the system being tested.  The major weaknesses of the model were its 

inability to predict the sheet length, the transition to turbulence, or the turbulent 

enhancement of the mass transfer. 

As in other work, these studies used overall measurements of the contactor 

performance and attributed all of the mass transfer to the spray.  Unlike the literature 

discussed in the previous section, Lin et al. and Simpson and Lynn did attempt to 

distinguish between the sheet (or droplet formation region) and the spray droplets.  

However, they did not take into account the mass transfer that could be occurring 

during spray impact on the walls or the bottom of the spray column.  If these effects 

were constant for all experimental conditions, then all of the measured NL values may 

simply be slightly higher than the true NL values for the spray region.  More likely, 

the extra mass transfer varied with liquid velocity, flow rate, etc.  If so, then not only 

the magnitude but also the dependence of NL on distance, velocity, and nozzle size 

becomes suspect. 

2.3.4.  Spray droplet mass transfer 
Taniguchi et al. (1997) performed CO2 absorption experiments in a 0.18 m 

diameter spray column.  A full cone spray nozzle with a 0.78 mm orifice produced 
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volume mean diameters of 100 to 300 µm.  Water or aqueous sodium hydroxide 

solution was sprayed into a chamber that was supplied with air and CO2.  The number 

fluxes of drops, the drop sizes and the CO2 concentrations of the drops were 

measured at various distances from the nozzle.  The droplet volume mean diameter 

was correlated with the liquid flow rate, and mass transfer coefficients were obtained 

from the observed absorption of CO2.  The results for the mass transfer coefficients 

compared favorably with a solid sphere penetration model.  Thus, the authors 

concluded that oscillation and circulation within the drop as well as drop coalescence 

and breakup were not significant.  However, Dimiccoli et al. (2000) also performed 

CO2 absorption experiments with a similar nozzle (full cone, d30 = 123 µm) and 

concluded that a stagnant droplet model was less reliable than an internally well-

mixed droplet model based on Levich’s theory. 

2.3.5.  Surface mass transfer 
McWhirter et al. (1995) developed a model for mass transfer in surface 

aerators that separated the process into a liquid spray mass transfer zone and a surface 

reaeration mass transfer zone.  Based on a regression of data from a full scale surface 

aerator, the kLa of the surface zone was high enough that 63-66% of the overall 

oxygen transfer was expected to occur in the surface zone and only 34-37% in the 

spray zone.  The surface aerator had a different configuration from a spray column for 

gas scrubbing, but the results suggest that significant mass transfer can occur on the 

surface of a liquid when spray impacts. 

2.4.  SUMMARY 
Most of the data in the literature may not be easily applied to commercial 

limestone slurry scrubbing spray columns.  The approximate droplet diameters and 

gas phase Reynolds numbers for the spray literature are graphed in Figure 2.4.  The 

line for terminal velocity in Figure 2.4 represents the data available in the literature 

for mass transfer in single droplet experiments.  Typical nozzles in FGD spray 

scrubbers generate droplets of about 2000 µm, whereas most of the spray literature 
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deals with droplets in the 200 µm range (Figure 2.4).  Larger droplets are expected to 

experience more internal circulation and oscillation.  These effects may be less 

significant for absorption into smaller drops but may be the dominating mechanism 

for mass transfer in droplets for limestone slurry scrubbing.  Furthermore, very little 

data exists on the effect of nozzle size and scale up issues. 
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the contribution of the spray to the mass transfer and in order to avoid wall effects.  

The local measurements also give a clearer understanding of the variation of mass 

transfer with distance and the relative contribution of mass transfer in the sheet.  The 

significance of wall effects and mass transfer during spray impact are also examined 

to gain a more complete picture of liquid phase mass transfer in spray contactors.   

More data for liquid phase mass transfer as a function of distance would also 

improve the design and optimization of nozzle selection, spacing, and orientation in 

spray contactors for limestone slurry scrubbing and other applications as well.  This 

data would include the relative significance of mass transfer in different sections of 

the contactor.  At least a few investigators have commented on the importance of the 

sheet/droplet formation region and spray impact onto a liquid surface.  In addition, 

other types of spray impact may prove to be important, such as wall effects or 

interaction between sprays.  However, most data in the literature has neglected these 

effects and reported bulk measurements for the overall contactor performance.  Thus, 

it is difficult to separate mass transfer in the spray from sample collection or spray 

impact effects. 

 

 

33 



 

Chapter 3:  Theory 

3.1.  GENERAL MODELS FOR KL 
Fluid dynamics impact the mass transfer, and any fundamental model for mass 

transfer must be based upon an understanding of the fluid flow near the interface.  

Several models have been proposed for the prediction of mass transfer coefficients.  

In each model, essential characteristics of the liquid flow field are approximated by a 

simplified mathematical expression.  Often the flow representation includes a 

hypothetical parameter (e.g. film thickness or penetration time), which may or may 

not be possible to predict independently.  If not, then these parameters are treated as 

adjustable and used to match experimental data.  Given the assumed representation of 

the flow, the conservation equation is solved to obtain the flux and concentration 

profile, and the mass transfer coefficient is calculated as the flux divided by the 

concentration driving force. 

3.1.1.  Film theory 
According to film theory, all of the mass transfer resistance occurs in a thin, 

stagnant film near the gas-liquid interface.  Beyond some film thickness (δ), the fluid 

is well mixed, and the mass transfer resistance is negligible.  The presence of 

turbulence in the liquid phase would tend to reduce the film thickness by enhancing 

convective mass transfer and mixing.  For a dilute component diffusing through a 

stagnant planar film, the concentration profile is linear from the interface (y = 0) to 

the film thickness (y = δ), where the concentration is equal to the bulk concentration. 

Since the concentration profile is linear, the slope is constant and the mass 

transfer coefficient can be represented as follows. 
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Film theory is a useful conceptual model, but it has several weaknesses that 

limit its applicability.  The film theory model predicts a linear dependence of kL on 

DA, but experimentally kL usually depends on DA
1/2.  In addition, since the film 

thickness is usually unknown, it can only be treated as an adjustable parameter and 

the model is not predictive.  Finally, the assumption of the stagnant film is not 

physically realistic because it leads to a discontinuity in the concentration profile at y 

= δ. 

3.1.2.  Penetration theory 
Higbie (1935) proposed that the fluid at the interface could be represented as 

stagnant for some short period of time.  After this penetration time (τp), the fluid is 

completely mixed, and the process begins again.  For transient planar diffusion into a 

stagnant fluid, the flux and the concentration profile are a function of the exposure 

time.  The mass transfer coefficient is calculated by averaging the flux over the 

penetration time and dividing by the concentration driving force as follows. 
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Again, this model has only one unknown parameter (τp instead of δ), but τp 

has the advantage that it can be determined independently in some situations.  For 

liquid flow through packing, the penetration time can be estimated by the time 

required to flow down a packing element.  At the bottom of the packing element, the 

liquid is mixed before continuing down to the next packing element.  Using the 

penetration theory as a predictive model depends on the presence of a mixing 

phenomena and the ability to calculate the frequency of that mixing.   
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However, even as an empirical model, penetration theory is preferred over 

film theory because penetration theory correctly predicts that kL varies with DA
1/2.  

Thus, data for different chemical systems may be compared by correcting for the 

diffusion coefficients.  For example, kL data collected for CO2 absorption may be 

used to predict kL for SO2 by multiplying by 
2CO,Lk ( ) 21

COSO 22
DD . 

3.1.3.  Levich-Davies turbulent model 
The theory by Levich (1962) and modified by Davies (1972) describes mass 

transfer in a turbulent liquid.  Turbulent velocity fluctuations normal to the interface 

provide convective mass transfer.  However, surface tension restrains turbulent eddies 

as they approach the interface.  When an eddy from the bulk approaches the interface, 

the surface is deformed.  Surface tension opposes this deformation and prevents the 

eddy from splashing through the interface. 

y y = δ2 y = δ1 y = λ  

Diffusion 
sublayer 

Viscous 
(laminar) 
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Figure 3.1. Levich-Davies model 

Thus, the turbulent velocity fluctuations in the y direction are damped within 

some distance of the interface.  Levich called this region a zone of damped turbulence 

with thickness λ.  Beyond this region (y > λ), the velocity fluctuations are constant at 

υo and related to the degree of turbulence in the bulk liquid.  Within the zone of 
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damped turbulence (y < λ), the turbulent transport varies with the magnitude of 

velocity fluctuations (uy’).  Much closer to the interface, the damping of uy’ is so 

great that the flow is equivalent to laminar flow.  In this viscous sublayer (y < δ1), the 

turbulent kinematic viscosity due to eddy motion is less than the molecular value.  

Very close to the interface is a region mathematically equivalent to a diffusion 

sublayer (y < δ2), where turbulent transport is less than molecular diffusion. 

The thicknesses of the sublayers are calculated as a function of υo, the 

characteristic turbulence velocity or friction velocity.  The flux through each region 

of the analysis is evaluated and equated to obtain the following expression for the 

mass transfer coefficient. 
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To model mass transfer in a turbulent jet, Davies and Ting (1967) assumed 

that the turbulence is formed in the pipe before the liquid exits the orifice.  After the 

orifice, no new eddies form and velocity gradients in the liquid phase become 

negligible because the frictional resistance of the gas is negligible.  The characteristic 

velocity is calculated according to the Blasius friction factor correlation for pipe flow. 
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The numerical coefficient and the dependence of kL on Re and D were 

verified experimentally for turbulent jets.  However, no effect of jet diameter was 

observed, and for the small jets, the numerical coefficient was found to be 0.019 

instead of 0.028.  Davies and Hameed (1971) absorbed gas into turbulent jets of 

kerosene, where the surface tension was much lower than for water.  Their results 

agreed with the theoretical predictions for the exponents of Re, D, and d, but the 

numerical coefficient was 0.016. 



 

Srinivasan and Aiken (1988) developed a similar expression for mass transfer 

in closely spaced, well-mixed droplets soon after formation.  Considering a stream of 

closely spaced droplets to be similar to a cylindrical jet, they also applied the Blasius 

correlation to obtain υo.  The results were in reasonable agreement with the predicted 

dependence on Re, We, and Sc.  However, the numerical factor was found to be 0.14. 

3.1.4.  Other turbulent models 
Other models for mass transfer in turbulent flow exist in the literature.  For 

example, Lamont and Scott (1970) proposed a relation between the mass transfer 

coefficient and the hydrodynamic behavior of turbulent eddies near the interface.  The 

small dissipative eddy structures were assumed to control the mass transfer, so that kL 

may be calculated from the rate of energy dissipation by turbulence per unit mass (ε). 

 ( )
21

41
L D

k
−







 ν

εν∝  (3.9) 

Values for ε may be calculated for wetted walls (Prasher and Fricke, 1974) or 

for pipe flow (Lamont and Scott, 1970).  Detailed velocity measurements can also be 

used to obtain ε from the definition 
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Lamont and Scott applied this method to predict the mass transfer coefficient 

for a turbulent flow downstream of a grid in a wind tunnel.  Alternatively, the 

following scaling analysis could be applied to estimate kL.   
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In addition to the model of Lamont and Scott, others such as the models of 

Levich-Davies and Fortescue and Pearson (1967) can be expressed in dimensionless 

form as shown below (George et al., 1994). 



 

 cba

c

L ScWeRe
U
k

∝  (3.13) 

According to George et al. (1994), the exponent on the Reynolds number (a) 

varies among the available models between –½, –¼, and ½.  Many of the mass 

transfer models do not consider the effect of surface tension (b = 0).  Only Levich and 

Davies propose a Weber number dependence of ½.  Most absorption models predict 

that kL varies with the Schmidt number to the –½ power, although an exponent of –⅔ 

has been suggested when the interface resembles a wall (Amokrane et al., 1994).    

The mass transfer coefficient is also commonly expressed in dimensionless 

form as the Sherwood number (Sh).  Equation 3.13 can be rearranged to obtain an 

expression for Sh. 
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3.2.  LIQUID SHEETS 
As mentioned in the previous chapter, the liquid exiting a centrifugal spray 

nozzle forms a hollow conical sheet.  The cone expands with distance, and the 

thickness of the sheet decreases.  Although the contact time of the sheet is typically 

very small, significant mass transfer could occur in the sheet due to high kL or 

interfacial area. 

3.2.1.  Sheet hydrodynamics 
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As a prelude to discussing mass transfer in the sheet, the fluid dynamics of the 

sheet should be understood.  According to the idealized mechanism of Fraser et al. 

(1962), liquid sheets in gases at atmospheric pressure become wavy due to 

aerodynamic instabilities.  The magnitude of the wavy disturbance grows and the 

sheet becomes even thinner, until ribbons of fluid detach from the sheet at each half 

wavelength (between the crests and troughs).  The ribbons contract into cylindrical 

ligaments oriented perpendicular to the direction of flow.  Finally, the ligaments 

break up according to the Rayleigh mechanism to form droplets. 



 

3.2.1.1.  Flow regimes 
Fraser et al. (1962) observed the behavior of flat sheets using fan spray 

nozzles and flash photography.  They determined that the flat sheets became semi 

turbulent at Re of 10,000 to 30,000 and fully turbulent at Re of 18,000 to 37,000 

where Re was defined in terms of the hydraulic mean diameter at the orifice.  

However, the breakup length of the sheet did not change significantly even though the 

flow changed from laminar to turbulent conditions. 

Chigier (1991) described flow through a two-dimensional liquid sheet airblast 

atomizer with and without airflow.  The liquid exits the nozzle through a slit and 

forms a two dimensional sheet, which can be used to study wave growth and the 

frequency of disturbances on the liquid surface.  In experiments at Re of 1470 without 

airflow, small distortions were observed on the sheet, and the flow changed from 

laminar to turbulent conditions. 

3.2.1.2.  Sheet breakup 
The breakup of liquid sheets has been studied for many years by a variety of 

investigators.  The sheet breakup process has been modeled with linear stability 

analysis by Dombrowski and Hooper (1962) and Dombrowski and Johns (1963).  

They presented predictions for the breakup of viscous sheets due to asymmetric 

disturbances.  Dombrowski and Hooper proposed the following relationships. 
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The parameter K is a constant that relates the sheet thickness to the sheet 

length for the flat sheet.  The ratio of the disturbance amplitude at breakup (ηb) to the 
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amplitude of the initial disturbance (ηo) was assumed constant.  The ( ob ηη )ln  term 

was set equal to 12 to match experimental data for sheet breakup of flat sprays.  This 

value was also based on previous work with liquid jets.   

Senecal et al. (1999) extended the work of Dombrowski and Johns by relaxing 

assumptions inherent in the previous analysis.  Senecal et al. modeled the sheet in two 

dimensions whereas Dombrowski and Johns considered variations in only one 

dimension.  In addition, Senecal et al. relaxed the assumption that long wavelength 

disturbances were responsible for the breakup process and found different regimes for 

breakup by long waves and short waves.  Long wavelength disturbances dominate the 

sheet breakup process for low gas phase Weber numbers, and short waves control for 

Weg greater than 27/16. 
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For the long wave regime, the growth rate (ω) varies as the sheet thickness 

changes, and an integration over time is performed.  The sheet was approximated by 

assuming the time and the sheet thickness were related by a constant J.  The growth 

rate is a function of the wave number of the disturbance, and the wave with the 

greatest growth rate controls the breakup in the short wave regime.  Then, the breakup 

length is determined by the absolute velocity of the sheet (Uabs) and the time required 

for the disturbance to grow.  Based on the work of Dombrowski and Hooper, Senecal 

et al. also assumed that the ( obln ηη )  term was equal to 12. 
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Analyses that are more complex have also been performed in recent years.  

Ibrahim (1998) applied a second order nonlinear perturbation analysis to the breakup 

process.  The nonlinear analysis verified that the sheet disintegrates into ligaments at 

each half wavelength.  Nonnenmacher and Piesche (2000) performed computational 

fluid dynamic (CFD) simulations for spray atomization assuming laminar flow in the 

nozzle and in the sheet. 

3.2.2.  Sheet mass transfer 
Hasson et al. (1964) developed a model for diffusive heat transfer in a laminar 

fan spray sheet.  Making the analogy between heat and mass transfer, Simpson and 

Lynn (1977) restated Hasson's model in this form. 
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The predictions of this model were tested for flat spray nozzles by Tamir and 

Rachmilev (1972) and Simpson and Lynn (1977).  Simpson and Lynn also attempted 

to apply the model to centrifugal spray nozzles, but the applicability of the model was 

hindered by turbulent flow conditions.  They correlated their results by introducing 

effective diffusion coefficients of 10 times the molecular value.  Demyanovich (1991) 

also applied the Hasson model to liquid sheets formed by the impingement of two 

individual sheets.  The collision of the two sheets led to turbulent mixing, and 

effective diffusion coefficients of 5 to 167 times the molecular value were used to 

correlate the data. 
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3.2.3.  Sheet model 
The linear stability models qualitatively describe the sheet breakup for the 

spray nozzles in this work, but quantitatively the models tend to over-predict the sheet 

breakup length (Lb).  Therefore, as in the work of Simpson and Lynn, empirical 

observations of the sheet breakup length are used in the present model. 

3.2.3.1.  Sheet kL 
Simpson and Lynn also demonstrated that a fundamental diffusion model 

accurately described the mass transfer in a flat laminar sheet.  However, in this work, 

the Reynolds number for the sheet at the nozzle exit is high enough that the flow 

could be turbulent.  In order to model turbulent sheets for their centrifugal nozzles, 

Simpson and Lynn empirically determined effective diffusion coefficients.  The 

turbulent flow of the sheet complicates the modeling of mass transfer, but if kL, area, 

and contact time can be predicted separately, then Equation 1.8 may be used to 

determine the NL of the sheet.   

Instead of relying on a completely empirical effective diffusion coefficient, 

the kL is calculated by one of the models for turbulent mass transfer.  The Levich-

Davies model for turbulent jets was selected as a predictive model.  If the turbulent jet 

model is modified by including an empirical factor of 3.0, the resulting model for the 

sheet kL better matches the experimental data in this work. 

3.2.3.2.  Sheet area 
The area of the sheet can be calculated, knowing the nozzle geometry and 

flow properties, if a few assumptions are made.   
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Figure 3.2. Calculation of sheet area 

The cross-sectional area of the sheet is a function of the sheet half-thickness 

(h) and given by  
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At the nozzle exit (x = 0),  
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Combining Equations 3.18 and 3.19 gives, at the nozzle exit, 
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This equation is quadratic in ho and can be solved analytically.  Physically, the 

sheet thickness has to be less than the radius of the orifice.  For only one of the 

solutions is 2ho < dor/2.  Therefore, the initial sheet half-thickness is 
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Since the sheet experiences little frictional resistance from the gas phase, the 

sheet velocity Uo is assumed constant and given by 
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 Lo P2U ρ∆=  (3.22) 

Since Uo is constant and the liquid can be considered incompressible, the 

cross-sectional area for flow is constant and h must decrease with distance from the 

nozzle.   
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The surface area of the sheet can be related to the length along the sheet 

surface in the x direction.  The waviness of the sheet is neglected in the following 

analysis.  Recalling that the sheet has both a top and a bottom surface, the rate of 

change of surface area with distance from the nozzle is 
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Differentiating Equation 3.23 gives 
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From Equation 3.25, the magnitude of dh/dx is the greatest at the nozzle exit 

(x = 0).  Noting that  
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Then, the rate of change of the sheet half-thickness (h) with distance (x) was 

calculated to be small (~10-2) for the nozzles used in this work so that 
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This simplification linearizes the calculation and allows an analytical 

integration to give the area of the sheet.  Since the volume of liquid contained in the 

sheet is given by the flow area multiplied by the sheet length, the area per unit 

volume of the sheet can be calculated. 
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3.2.3.3.  Sheet NL 
At the point where the sheet breaks into droplets, x is Lb.  Since the sheet 

velocity is constant, the contact time is calculated by dividing the sheet length by the 

velocity.  Thus, the overall kL, a, and t of the sheet are determined, and Equation 1.8 

simplifies to give the sheet NL. 
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3.3.  SINGLE DROPLETS 
Relatively little literature is available on liquid phase mass transfer in spray 

systems.  However, several models have been developed for mass transfer in a single 

droplet of liquid.  The main difference between the models is in the assumed droplet 

hydrodynamics and mechanism of mass transfer. 

3.3.1.  Droplet hydrodynamics 

3.3.1.1.  Flow regimes 
Liquid droplets can exhibit different types of flow behavior:  stagnant, 

circulating, or oscillating (Figure 3.3).  The stagnant droplet is the simplest case, for 

which there is no motion of the surface or in the interior of the droplet.  Circulation 

arises because when a droplet moves through another fluid the relative velocity 

results in shear forces at the interface.  The liquid at the interface is swept to the rear 

of the droplet, and a circulation pattern can then develop.   
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Figure 3.3. Regimes of droplet behavior 

Circulation streamlines for a fluid sphere in creeping flow (Re ~ 0) were 

calculated by Hadamard (1911) and Rybczynski (1911).  For flow conditions at finite 

Re, numerical solutions of the Navier-Stokes equation can be performed to obtain the 

flow field inside a circulating spherical or spheroidal droplet (Caussade and Saboni, 

1990; Amokrane and Caussade, 1999; Piarah et al., 2001).  These calculations 

assumed droplets of constant shape and therefore are not applicable to oscillating 

droplets. 

The droplet can also deform due to pressure forces around the droplet in the 

continuous phase.  Any pressure variations that result from turbulent velocity 

fluctuations or wake shedding can give rise to droplet shape oscillations.  These 

oscillations can also induce internal circulation.  The streamlines for small spherical 

harmonic oscillations of an inviscid droplet were derived by Lamb (1945) and 

discussed by Hughes and Gilliland (1952).  Numerical simulation has recently been 

employed to describe large oscillations of viscous droplets with internal circulation 

(Mashayek and Ashgriz, 1998).   
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3.3.1.2.  Flow transitions 
The onset of steady droplet oscillation depends on several factors, most 

notably the droplet Reynolds number and the presence or absence of surfactants (Clift 

et al., 1978).  In pure systems, small water droplets falling in air are spherical and 

may exhibit circulation.  Larger droplets deform into an ellipsoid and continue 

circulating.  For even larger droplets, oscillation begins when Re reaches values on 

the order of 1000.  In contaminated systems, the presence of surfactants inhibits 

circulation, thereby significantly increasing drag and decreasing mass transfer rates.  

The shear force at the interface is believed to sweep the surfactants to the rear of the 

droplet and result in a surface concentration gradient.  The resulting surface tension 

gradient exerts a Marangoni force along the interface, which opposes the shear force, 

inhibits circulation, and increases drag.  Spherical and ellipsoidal drops with 

surfactants remain stagnant until oscillation begins at Re of about 200.  This Re is the 

minimum necessary for vortex shedding from the wake of the droplet (Schroeder and 

Kintner, 1965).  Surfactants may also decrease the magnitude of droplet oscillation 

(Clift et al., 1978). 

Other criteria have also been proposed for the transition from droplet 

circulation to oscillation.  Correlations by Klee and Treybal (1956), Hu and Kintner 

(1955), Johnson and Braida (1957), Edge and Grant (1971), and Grace et al. (1976) 

were discussed by Skelland et al. (1987) and are shown in Appendix B.  These 

correlations were developed for a liquid droplet moving at terminal velocity through 

another liquid phase, and they may not be easily extrapolated to the case of liquid 

droplets in a gas.  In any case, for an air-water system, these correlations predict the 

critical droplet size for steady oscillations to be about 1700 µm. 

3.3.1.3.  Oscillation frequency 
The time scale of oscillations may be estimated from the natural frequency for 

the oscillation of liquid droplets derived by Lamb.  For spherical harmonic 

oscillations with small amplitude, Lamb calculated the frequency for each harmonic 
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mode.  The most important mode is the oscillation between an oblate spheroid and a 

prolate spheroid, and the corresponding time scale is given below. 
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Since the liquid density is much greater than the gas density,  
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According to this relationship, the period for the natural mode of oscillation of 

a 1000 µm water droplet in air is 2.9 ms.  Schroeder and Kintner conducted 

experiments to observe droplet oscillation in several liquid-liquid systems and 

proposed a modification to Lamb’s derivation that takes into account the amplitude of 

the oscillation.  If the dispersed phase is denoted by L and the continuous phase by g, 

then their equation is 
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For very small oscillations, the parameter b approaches one and Equation 3.33 

approaches Equation 3.31.  Unfortunately, this data is not usually known and is 

difficult to measure.  Schroeder and Kintner found that the frequency of oscillation 

was very consistent, but the amplitudes were very erratic.  In order to use Equation 

3.33 to predict the oscillation frequency, they correlated their amplitude data 

empirically as follows. 

  (3.34) 225.0d805.0b =

A theoretical development by Subramanyam (1969) included the effects of the 

surface tension and the viscosities of the two phases.  However, since the density and 

viscosity ratios between the two phases are so large, Subramanyam predicted a very 

small deviation from Lamb’s time constant. 
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3.3.1.4.  Oscillation damping constant 
The effect of viscosity in the droplet is primarily to dampen the magnitude of 

oscillations.  In the linear analysis of small oscillations, viscosity does not affect the 

frequency of oscillations, only their amplitude.  According to Lamb, the time scale for 

viscous damping of oblate-prolate oscillations can be expressed as follows. 

 
ρ

µ
=τ

20
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When droplets are formed, the breakup process often results in shape 

oscillations, which are then damped by viscous forces.  Immediately after formation, 

the droplet is non-spherical, and surface tension tends to pull it into a spherical shape.  

Inertia prevents the fluid from stopping at the spherical state, and oscillations begin.  

The frequency of the oscillation is expected to be that predicted by Lamb, and the 

magnitude of the oscillation decays exponentially as exp(-t/τdmp) until the droplet 

reaches its steady state behavior.  Since the oscillations at high Re are driven by 

vortex shedding, these oscillations are not completely damped out, and they persist at 

steady state (Schroeder and Kintner, 1965). 

Deviations from the theoretical damping constant may occur if significant 

eddying motion occurs within the droplet.  The eddying would increase the rate of 

energy dissipation and increase the rate of amplitude decrease (Hughes and Gilliland, 

1955). 

3.3.2.  Droplet mass transfer 
For stagnant drops, kL may be calculated purely by solving the diffusion 

equation.  The presence of circulation within the drop increases the mass transfer rate 

compared to diffusion alone.  If the droplet is oscillating and these oscillations are 

strong enough to mix the contents of the drop, the internal resistance to mass transfer 

will become constant.  Drop oscillation increases the mass transfer coefficient 

compared to a non-oscillating drop. 
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Most of the models for mass transfer in droplets were developed for liquid-

liquid extraction systems.  However, for a liquid droplet falling through air, the large 

differences in the densities and viscosities of the two phases may result in much 

higher terminal velocities and different flow regimes.  For a given droplet size, the 

motion of droplets in extraction may be dominated by circulation, whereas oscillation 

may be more important at the high drop velocities found in gas-liquid systems (Clift 

et al., 1978).   

Table 3.1. Models for kL in droplets 
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3.3.2.1.  Stagnant diffusion 
For stagnant drops, the diffusion equation can be solved to obtain the 

concentration and the mass transfer coefficient as a function of time. 
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For short contact times, penetration theory may be used to predict kL from 

pure diffusion.  For long contact times, an analytical solution for the Sherwood 

number asymptotically approaches a value of 6.58.   

3.3.2.2.  Steady circulation 
Kronig and Brink assumed that the circulation rate within the drop was steady 

and much faster than the mass transfer rate so that the concentration profiles in the 

drop followed the circulation streamlines.  The diffusion-convection equation can be 

solved to obtain 
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This model for circulation results in a mass transfer rate about 2.5 times the 

rate of diffusion into a stagnant sphere and an asymptotic Sh of 17.66.  Although the 

Kronig and Brink model was derived for a sphere in creeping flow, it is still a good 

approximation for circulating ellipsoidal drops that do not oscillate (Clift et al., 1978). 

3.3.2.3.  Turbulent circulation 
The models of Handlos and Baron, Ruckenstein et al., and Laddha and 

Degaleesan are used to correlate mass transfer in circulating droplets in liquid-liquid 

extraction.  Amokrane et al. advocated using the interfacial friction velocity instead of 

the relative velocity of the droplet as the appropriate velocity scale.  Using 

experimental data and drag correlations for water droplets in air, they determined 

their empirical parameter ω to be 0.8. 
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3.3.2.4.  Oscillation 
Angelo et al. generalized the penetration theory to account for surface 

deformations.  Their oscillation model assumes that the surface area of the droplet 

oscillates sinusoidally and that the contents of the droplet mix completely after each 

oscillation.  The mass transfer coefficient can then be calculated from the frequency 

and magnitude of the oscillation.  The theoretical natural frequency for droplet 

oscillation derived by Lamb was used.  The magnitude of the oscillation is typically 

difficult to measure or predict.  However, at typical values of 0.3, the magnitude does 

not greatly impact the prediction of the Angelo oscillation model so it can be 

neglected (Hsu and Shih, 1993).   

3.3.2.5.  Mass transfer data 
Figure 3.4 compares model predictions with the data in the literature for mass 

transfer in droplets.  Usually, the mass transfer during droplet formation was not 

included, and the data are for droplets falling in air at or below their terminal 

velocities.  Walcek et al. (1984) studied the absorption of SO2 into water droplets 

falling through air at terminal velocity.  Droplets smaller than 1000 µm in diameter 

exhibited steady circulation and followed the Kronig and Brink model, but larger 

droplets showed unsteady flow and mass transfer greater than predicted.  Garner and 

Lane (1959) also reported CO2 absorption rates much higher than Kronig and Brink 

predictions for 4220 and 5850 µm drops.   
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Figure 3.4. Comparison of data and model predictions for kL in droplets 

Kaji et al. (1985) also used SO2 to study absorption into 2200 µm drops.  

Single droplets were formed with a hypodermic needle and allowed to fall through an 

absorption chamber.  The calculated mass transfer coefficient for the droplet 

decreased slightly as the drop fell through the absorption chamber.  The formation of 

the drop was hypothesized to produce a high circulation rate, which was then quickly 

damped by viscous forces within the droplet.  For 600 and 1200 µm droplets, 

Altwicker and Lindhjem (1988) obtained results for CO2 absorption and found that 

the mass transfer coefficient remained approximately constant despite gravitational 

acceleration.  Hughes and Gilliland observed that the droplet mass transfer coefficient 

decayed with time according to Lamb’s time constant for viscous damping. 

For single droplets falling in gases, the Ruckenstein model and the Laddha 

and Degaleesan model overestimate the mass transfer coefficient for drop diameters 
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between 600 and 6000 µm.  The Handlos and Baron model predicts that kL increases 

with drop diameter, because the terminal velocity of the droplet increases with drop 

size.  However, the data suggest the opposite relationship between kL and drop size.  

Both the models of Angelo and Amokrane qualitatively fit the data much better, 

although the Amokrane model predicts lower mass transfer than observed for drop 

sizes less than about 4000 µm.  The drop oscillation model of Angelo slightly 

overestimates the mass transfer for all drop sizes and values of α (the magnitude of 

the oscillation).  Hsu and Shih (1993) noted that the Angelo model was relatively 

insensitive to α.  The accuracy of the model was improved if α was set to zero, and 

the oscillation frequency was half of that predicted by Lamb. 

3.3.3.  Droplet model 
Hughes and Gilliland studied hydrodynamics and mass transfer for water 

droplets and found that after drop formation the mass transfer coefficient decayed 

exponentially, consistent with Lamb’s time constant for viscous damping of 

oscillations.  These relationships are combined to model the mass transfer coefficient 

of droplets soon after formation. 
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The liquid phase mass transfer coefficient of the droplet immediately after 

formation (kLdo) may be assumed or set equal to the mass transfer coefficient of the 

sheet (kLs).  The mass transfer coefficient then decays exponentially to the steady 

state value (kLdf) for droplet oscillation. 

The area per unit volume of a spherical droplet is 6/d.  The droplet diameters 

under each set of operating conditions were obtained or interpolated from data 

provided by the nozzle manufacturer (Appendix A).  If droplet coalescence and 

secondary breakup are neglected, the droplet diameter and, therefore, the area per unit 
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volume are constant.  The contact time of the droplet is determined by a drag 

calculation, given the initial velocity of the droplet and its diameter.  A numerical 

integration is performed to obtain the total NL for the spray as a function of time.  

Since the droplet trajectory is also determined from the drag calculation, the spray NL 

may be given as a function of distance and compared with experimental data. 
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3.4.  SUMMARY 
The spray is modeled by considering the sheet and droplets separately.  The 

sheet mass transfer coefficient is predicted using the Levich-Davies turbulence 

model.  Alternatively, other similar correlations for Sh as a function of Re, We, and 

Sc may be used to calculate kLs.  The area of the sheet is estimated based on the 

nozzle geometry, and the contact time is determined by the nozzle pressure drop and 

the sheet length. 

The droplet kL is calculated using a model based on the Angelo et al. 

oscillation model and decays according to Lamb’s theoretical time constant as 

discussed by Hughes and Gilliland.  The area of the droplet is given by the droplet 

size data, which is readily available from the nozzle vendor.  Lastly, the contact time 

of the droplet can be determined from a drag calculation. 

Thus, the mass transfer coefficients, interfacial areas, and contact times are 

calculated and combined to obtain the NL of each region of the spray.  Adding the NL 

for the sheet and the droplets gives the total NL for the spray. 
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Chapter 4:  Experimental Methods 
 

One of the major challenges of this research was to develop the experimental 

methods necessary to measure the mass transfer in sprays.  As a result, much of the 

work entailed design and construction of equipment, development of the sample 

collection system, and validation of the experimental methods. 

4.1.  BASIS AND RATIONALE 
Desorption of carbon dioxide (CO2) in an air-water system was used to study 

the liquid phase resistance to mass transfer.  The water was buffered at a pH of 4.5 

with a citric acid/sodium citrate solution.  The low pH ensured that the CO2 remained 

as CO2 and was not converted to bicarbonate or carbonate ion, which would not 

contribute to the mass transfer driving force.   

Desorption was used as opposed to absorption so that more precise 

measurements could be taken.  For large values of NL, the system would approach 

equilibrium, and the mass transfer driving force for absorption would be low 

compared to the CO2 concentration.  Thus, for absorption, the driving force would 

become difficult to compute with precision since it would be the difference between 

two relatively large numbers. 

The direction of mass transfer was not expected to have a significant effect on 

the mass transfer performance.  In liquid-liquid extraction, transfer from the dispersed 

to the continuous phase can lead to gradients in the interfacial tension and can 

promote coalescence (Seibert and Fair, 1988).  However, the aqueous concentrations 

of CO2 in the present work were low and expected to have little effect on the air-

water surface tension.  In addition, coalescence was not expected to be as significant 

in the conical section of the spray (where the droplet trajectories tend to diverge) as it 

might be in a packed liquid-liquid extractor. 
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4.1.1.  Liquid phase controlled mass transfer 
The low solubility of CO2 in water tends to favor liquid phase control of the 

mass transfer.  As an order of magnitude approximation of the significance of gas 

side resistance, estimates of the mass transfer coefficients and the Henry’s Law 

coefficient may be compared.  The expression for the overall mass transfer coefficient 

can be manipulated to obtain the fractional gas side resistance, shown below. 
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Thus, for the CO2-air-water system, the gas phase mass transfer resistance is 

expected to contribute only 0.78% of the total resistance, and the mass transfer is over 

99% liquid phase controlled. 

Since the solubility of CO2 is low, the concentration change in the gas phase 

also tends to be low.  Thus, measurements of the liquid phase concentration are 

necessary to calculate the mass transfer performance with precision.  Accurate liquid 

phase measurements require that representative, reproducible samples of the spray be 

collected.  The liquid in the spray moves at high velocity (~10 m/s) and entrains 

surrounding gas.  An ideal sample collection method would be able to decelerate the 

liquid and separate the gas without providing any extra opportunities for mass 

transfer.  Addressing this problem is the subject of Section 4.5.   

4.1.2.  Equilibrium limitations 
Pure CO2 gas was sparged into the water feed to the nozzle.  The target liquid 

concentrations of CO2 were low to ensure that all of the gas dissolved in the piping 

before reaching the spray nozzle.  The CO2 concentrations at the nozzle inlet were 

about 2.0 mM, low compared to equilibrium with one atmosphere of pure CO2 (39 

mM at 20°C) to avoid spontaneous evolution of CO2 bubbles in the piping or across 
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the nozzle.  The inlet to the spray column did not have to be saturated to pure CO2, as 

long as the analytical methods were precise enough to measure the CO2 desorption.  

However, the CO2 concentration had to be high enough to avoid approaching 

equilibrium with air.  If a large number of liquid phase transfer units were observed, 

then a higher inlet concentration would have been necessary to avoid approaching 

equilibrium with CO2 in ambient air (~300 ppm). 

If the desorption of CO2 does not approach equilibrium, then the ambient 

concentration of CO2 can be neglected.  At 20°C, air with 300 ppm CO2 would be in 

equilibrium with a liquid concentration of 0.0117 mM.  The concentration of CO2 in 

the liquid outlet had to be significantly greater in order to avoid equilibrium 

limitations.  For example, if the outlet concentration were 0.25 mM, then the error 

associated with neglecting the gas concentration in the calculation of the mass 

transfer driving force would be 
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Experiments were conducted with approximate inlet concentrations of 2 mM 

CO2.  For NL values less than 2.1, the outlet concentration is greater than 0.25 mM, 

and the error from neglecting the ambient CO2 is less than 5%.   

4.1.3.  Calculation of NL 
If the mass transfer is liquid phase controlled and does not approach 

equilibrium, then the calculation of NL is straightforward since the CO2 concentration 

in air is low.   
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The liquid phase concentrations were measured at the inlet to the nozzle and 

at various positions in the spray.  Using these concentrations, the number of liquid 

phase transfer units (NL) was calculated as a function of distance from the nozzle.   
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However, the calculation of kL is complicated by the fact that the interfacial 

area and the liquid holdup of the spray are difficult to measure.  Average values for kL 

are normally calculated from the superficial liquid velocity, Sauter mean droplet 

diameter, and fractional holdup.  Unfortunately, separating kL from Ai for a spray is 

more complicated, especially close to the nozzle (see Appendix C).  The Sauter mean 

droplet diameter can be measured (e.g. photographically), but determining the holdup 

is more difficult. Calculating holdup may require measurements or estimates of the 

droplet velocities.   

4.2.  DESCRIPTION OF APPARATUS 
Data in the literature suggest that the relative velocity of droplets does not 

have a significant effect on the liquid mass transfer (Altwicker and Lindhjem, 1988; 

Kaji et al., 1985).  In addition, since the velocity of the spray can be as high as 40 ft/s, 

the gas velocity contributes little to the relative velocity of the drops.  If high gas 

velocity is not required, then the gas flow rate only has to be sufficient to prevent CO2 

from accumulating in the gas phase and decreasing the mass transfer driving force.   

Liquid samples were collected immediately upstream of the nozzle to measure 

the CO2 concentration entering the spray column.  Since the nozzle flow rate is a 

function of pressure drop across the nozzle, the nozzle pressure was monitored and 

used to control the flow rate of water.  The CO2 desorbed from the spray, and then the 

water and any residual CO2 was recycled. 

4.2.1.  Nozzles 
The spray nozzles used in these experiments were centrifugal hollow cone 

nozzles, manufactured by the Spraying Systems Company.  Some of the important 

nozzle properties are listed in Table 4.1, and additional data may be found in 

Appendix A.  The nozzle designations indicate the inlet pipe size, nozzle style, 

material, and capacity.  For example, the ⅛-A-SS-5 nozzle has a ⅛ inch pipe 

connection, is one of the Spraying Systems A series WhirlJet nozzles, is constructed 

of stainless steel, and has a capacity of 0.5 gpm at 10 psi nozzle pressure. 
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Table 4.1. Nozzle properties (data provided by the Spraying Systems Company) 

Nozzle dor (inches) Qn (gpm)* dV0.5 (µm)* θ (°)** 
⅛-A-SS-0.5 3/64 0.05 365 58 

⅛-A-SS-2 5/64 0.2 435 61 

⅛-A-SS-5 ⅛ 0.5 500 67 

¼-A-SS-10 11/64 1.0 645 70 

⅜-A-SS-20 ¼ 2.0 910 70 

3CF-SILCNB-120 2 1/16 143 1670 73 
  * At a nozzle pressure drop of 10 psi ** At a nozzle pressure drop of 20 psi 
 

The liquid enters the nozzle tangentially and forms a vortex in the hollow 

chamber of the nozzle before exiting through the orifice as a thin, conical sheet 

(Figure 4.1).  The sheet thins and disintegrates as described in the previous chapters 

to form the spray droplets.   

 
Figure 4.1. Centrifugal hollow cone nozzle operation  

(Spraying Systems A-series WhirlJet nozzles) 

In experiments using spray nozzles, the mass transfer performance of the 

spray could not be easily measured because the spray mass transfer could not be 

distinguished from mass transfer due to sample collection.  The measured mass 

transfer could be extrapolated to zero distance to estimate the sampling effect, but 

high mass transfer rates near the nozzles made this difficult.  In addition, this 

approach would have neglected variations in the sample collection effect with 

distance from the nozzle. 
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For measurements of mass transfer during sample collection, liquid jets were 

used for the most part, instead of spray nozzles.  The jets had less interfacial area (aL 

= 4/djet) and therefore slower mass transfer rates.  In addition, since the jets did not 

thin or breakup as soon as sheets did, the simpler fluid mechanics of the jet also made 

extrapolating mass transfer data to zero distance much simpler for jets than for sprays.   

Jet orifices for the sampler characterization experiments were prepared by 

drilling holes of known diameter in ¼ inch Swagelock® cap fittings (model SS-400-

C).  The jet orifices had diameters from 1/64 to 1/16 inch, and the thickness of the 

fittings were 0.227 inches.  Therefore, the orifices had length to diameter ratios of 

14.5 to 3.6.  During initial sampler characterization experiments, the jet length (as 

measured from the orifice to the top of the sampler) was varied between 0 and 10 

inches, and the NL of the jet was extrapolated back to zero distance to determine the 

sampler NL.  However, over this range of jet lengths, the NL of the jet typically 

changed by about 0.15 transfer units, which was only slightly more than the 

experimental error.  Therefore, in later experiments, shorter jet lengths (0 – 1 inch) 

were used, and the NL of the jet was neglected. 

4.2.2.  Laboratory contactor 
The laboratory spray contactor consisted of a clear acrylic tank (3' x 4' x 2') 

and a sampling arm. (Figure 4.2)  The piping was constructed with ½ inch schedule 

80 PVC pipe and fittings.  Pump 1 was a 3.5 gpm diaphragm pump (ITT Jabsco 

model 30801-0115), which circulated water through the system and delivered the 

liquid to the spray nozzle.  The water in the experiment was buffered at a pH of 4.5 

using a 5 mM citric acid/sodium citrate solution to ensure that all of the bicarbonate 

(HCO3
-) and carbonate (CO3

=) species were converted to dissolved CO2.   
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Figure 4.2. Laboratory spray contactor 

Figure 4.3 shows more details of the piping of the spray nozzle.  A ½ inch 

PVC tee was installed upstream of the nozzle.  The differential between the liquid 

pressure at the tee and atmospheric pressure was monitored with a Validyne DP15-42 

pressure transducer and a CD379-1-2 digital readout.  The feed sample line made of 

¼ inch polypropylene tubing was also connected to the tee, and the flow rate through 

the sample line was controlled with a needle valve.   
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Figure 4.3. Nozzle piping in the laboratory contactor 

At the other branch of the tee, the pipe size was changed from ½ inch to the 

nozzle size (⅛, ¼, or ⅜) using a reducing bushing.  A 2 inch pipe nipple connected 

the nozzle to the feed piping.  The CO2 solution was sprayed into the contactor, and 

samples of the spray were collected as a function of distance from the nozzle.  Several 

designs for the spray sample collection device are discussed later in Section 4.5.   

The top of the contactor (Figure 4.4) was covered except for a section by the 

nozzle.  During operation, the spray coming out of the nozzle entrained air into the 

contactor through this opening.  Air filter media (NaturalAire Cut-to-fit) was used to 

cover the narrow opening where the sampling arm could be moved closer or farther 

from the nozzle.  The gas passed through a mist eliminator made of the same air filter 

media, and fan on top of the apparatus swept gas out of the contactor.   
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Figure 4.4. Top cover of the laboratory contactor 
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4.2.2.1.  CO2 delivery and dissolution 
Pure CO2 gas was delivered via a Brooks mass flow controller through ¼ inch 

stainless steel tubing and sparged into the PVC piping upstream of the nozzle.  The 

flow rate of CO2 was set to obtain a feed concentration of about 2 mM.  Pump 2 

(March centrifugal pump, model MDX-3) and an inline mixer (Koflo static in-line 

mixer, model ½-4OC-4-12-2)) were used to ensure that the CO2 was well mixed and 

dissolved.  The second pump also increased the maximum pressure at which the spray 

nozzle could be operated.   

The centrifugal pump was connected to the rest of the piping system by ½-

inch PVC reinforced Tygon® hose.  Since the Tygon® hose and the inline mixer were 

clear, the dissolution of the CO2 could be observed visually.  In addition, the feed 

sample line was translucent.  If the CO2 was not dissolving completely, then bubbles 

could be observed in the feed sample line. 

4.2.2.2.  Gas phase CO2 concentrations 
A 106 cfm fan (Pamotor model 4600XP) was used to prevent the 

accumulation of desorbed CO2 in the gas phase and to ensure that the concentration in 

the gas did not approach equilibrium with the liquid.  To verify that the gas phase 

concentration of CO2 was low, an experiment was performed with the largest nozzle 

in the laboratory (⅜-A-SS-20).  Since this experiment had the greatest liquid rate, the 

most CO2 would be stripped out of solution, and the approach to equilibrium was 

expected to be the closest for this experiment. 

Gas samples were taken from the experiment as shown in Figure 4.5.  The 

samples were collected through an inverted funnel (3 inch diameter) pointed away 

from the nozzle in order to limit the amount of liquid entering the sample line.  The 

funnel reduced the gas velocity at the mouth of the sample line and thus reduced the 

entrainment of liquid into the sample.  A vacuum pump (Barnant model 400-1901, 18 

lpm) transferred the gas through ¼ inch polypropylene tubing to a water knockout 

flask and finally a Horiba PIR 2000 infrared CO2 gas analyzer.   
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Spray 
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Figure 4.5. Apparatus for measuring gas phase CO2 concentrations 

The measured gas phase concentrations of CO2 are graphed as a function of 

position in the spray contactor in Figure 4.6.  The spray region is shown by the 

dashed band extending diagonally downward from the origin.  The average ambient 

concentration of CO2 during the experiment was 340 ppm.  The gas phase 

concentrations in the spray contactor were higher and ranged from 450 to 490 ppm.  

The higher gas concentrations were found near the nozzle even though the gas and 

liquid flows might have been expected to resemble cocurrent flow more than 

countercurrent flow.  The higher concentrations near the nozzle may be due to high 

mass transfer rates there, but the gas phase appears to be fairly well mixed.   
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Figure 4.6. Gas phase CO2 concentrations (Nozzle: ⅜-A-SS-20, ∆P = 10 psi) 

Although the gas phase CO2 concentrations were higher than ambient levels, 

they were still relatively low compared to equilibrium with the liquid in the spray.  

The liquid entered the column with a CO2 concentration of about 2 mM.  If the NL of 

the spray were 2.0, then the spray at the bottom of the column would have a CO2 

concentration of 0.27 mM.  At 20°C, the gas concentration of 460 ppm would be in 

equilibrium with a liquid concentration of 0.018 mM.  Thus, the error from neglecting 

the gas concentration in the calculation of the mass transfer driving force may be 

estimated as shown in section 4.1.2.   
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If the NL of the spray were less than 2.0, then the estimated error would be 

lower as well.  For example, an NL of 1.0 would result in an estimated error of only 

2.5%. 
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4.2.3.  Pilot scale contactor 
As mentioned in the previous chapter, mass transfer in small droplets may not 

be representative of commercial systems if the small droplets are circulating and the 

larger droplets undergo shape oscillations.  To address scale up issues, experiments 

were also conducted with a commercial spray nozzle.  A large portion of the initial 

work involved designing and building a pilot scale spray contactor that is more 

representative of commercial spray scrubbers.  The large scale of this experimental 

apparatus presented several challenges.  However, in the absence of rotation in the 

spray, the droplets and the solute concentration were not expected to have any angular 

dependence.  In other words, the droplet size and solute concentration were expected 

to vary only in the radial and axial directions.  As a result, liquid sampled only in a 

small angle of the spray pattern should be representative of the entire spray. 

A larger scale spray contactor, shown in Figure 4.7 (see Appendix D for more 

detailed diagrams), was constructed at the Separations Research Program pilot facility 

on the Pickle Research Campus of The University of Texas at Austin.  The pilot scale 

system is analogous to the laboratory contactor, except that it was designed to contact 

only a small fraction of the total spray.  This design reduced the amount of CO2 

necessary to maintain the steady state feed concentration.   
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Figure 4.7. Pilot scale spray contactor 

The tank was constructed of ¾” polypropylene and consisted of two sections.  

As indicated in the figure, the tank was filled with city water to a depth of 

approximately 24 inches to ensure a liquid seal at the bottom of the two sections.  

Anhydrous citric acid and sodium carbonate powder were added to achieve a citrate 

concentration of 5 mM and adjust the pH to 4.5.  The city water was found to have 

significant carbonate concentrations, but lowering the pH converted these species to 

dissolved CO2. 

The water was circulated through the system with a 250 gpm centrifugal pump 

(Ingersoll-Rand model 3x2x6 HOC).  Pure CO2 was supplied via a rotameter through 

⅜ inch black polyethylene tubing.  The black polyethylene was used because it was 

inexpensive and more stable for outdoor use in sunlight than the standard clear or 

white tubing.  The rotameter was calibrated up to 0.38 mol/min CO2 at laboratory 

conditions.  During the pilot scale experiments, the CO2 flow rate was held constant 

at a level to achieve about 2 mM CO2 in the feed to the spray contactor.  Since the 

69 



 

actual feed concentration was measured independently, the flow rate of CO2 did not 

have to be known exactly.   

The CO2 was sparged into the feed piping approximately 50 feet upstream of 

the nozzle to ensure that the gas bubbles would have time to dissolve.  A short section 

of clear PVC pipe immediately before the nozzle also allowed visual inspection of the 

flow.  
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9 in. 
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Figure 4.8. Top view of pilot scale contactor 

The nozzle sprayed the CO2 solution into the first section, where most of the 

liquid was collected and recycled.  A small ray of the spray passed between a pair of 

baffles into the second section of the contactor.  The baffles were designed with sharp 

edges and angled so that the rest of the spray would be deflected and not interfere 

with the ray of interest.  After the spray passed between the baffles, it entered the 

second section of the column, where samples were collected and analyzed.  The 

second section of the contactor had clear acrylic walls to allow observation of the 

spray behavior and sample collection.   

The top of the second section and the end opposite the nozzle were open to the 

atmosphere to allow ambient air to circulate and remove desorbed CO2 from the 

contacting zone.  Since only a small fraction of the spray was sampled, the circulation 
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of ambient air should be sufficient to remove desorbed CO2 from the spray tower.  

The spray fell into the outer section of the tank, and then the liquid was recycled. 

4.3.  SAMPLE STORAGE 
In order to stabilize the samples and minimize additional losses of CO2 after 

sample collection, the samples were stored in a NaH2PO4/Na2HPO4 buffer solution to 

raise the pH to about 7.5.  Increasing the pH prevented desorption during sample 

storage, handling, and analysis by converting much of the dissolved CO2 into HCO3
-.  

Since the pKa of CO2 is 6.3, raising the pH to 7.5 reduced the driving force for CO2 

desorption by more than a factor of ten. 

The phosphate buffer solution was prepared by dissolving NaH2PO4 in 

deionized water and adding 5 M NaOH solution to adjust the pH to 7.5.  Bicarbonate 

and carbonate species were commonly found as impurities in the phosphate salts, and 

the NaOH stock solution tended to absorb CO2 from air.  Therefore, after the NaOH 

was added to the phosphate solution, the concentration of carbonate species was 

about 1.0 mM, whereas 0.2 mM at pH 7.5 would be in equilibrium with air.  To 

reduce the background level of CO2, the buffer solution was stirred and sparged with 

air for three hours.  Finally, the solution was diluted to a final phosphate 

concentration of 0.5 M.  The final buffer solution typically had total carbonate species 

concentration of about 0.2 mM. 

The liquid spray samples generally contained about 2 mM CO2 and 5 mM 

citrate buffer solution (pH 4.5).  Glass 16 mL sample vials were prepared with 1.0 mL 

of phosphate buffer solution.  Liquid samples were transferred directly from the 

sample collectors into the sample vials and the phosphate solution.  Whenever 

possible, the outlet of the sample port was placed below the liquid surface in the vial.  

Then, the vials were capped with minimal gas headspace and shaken to ensure good 

mixing of the sample with the phosphate buffer.  As suggested by ASTM standard 

D513-92, the sample vials were stored in an ice chest or refrigerator until they were 

analyzed.  Additional data on sample storage and stability is included in Appendix E. 
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4.4.  SAMPLE ANALYSIS 
Several analytical methods were considered for measuring the change in CO2 

liquid concentrations.  Altwicker and Lindhjem (1988) measured the pH change when 

dissolved CO2 reacted with NaOH solution.  Taniguchi et al. (1997) used a back 

titration method with Ba(OH)2 and HCl.  However, the precision with which 

concentration may be calculated from pH measurements is limited.  For example, if 

the pH is known within 0.01 pH units, then the hydrogen ion concentration is only 

known within about 2%.  Two methods for measuring liquid phase CO2 

concentrations were used in this work: a gas-sensing electrode and a total carbonate 

analyzer. 

4.4.1.  CO2 electrode 
ASTM standard D513-92 describes procedures for using a gas-sensing 

electrode to measure CO2 in water samples.  In the Orion 95-02 CO2 electrode, CO2 

diffuses across a gas permeable membrane, and a pH electrode measures the pH 

change of the internal filling solution.  Since these electrodes also use pH 

measurements to determine concentration, they may have precision limitations similar 

to those discussed for titration.  In addition, the electrode reading can drift, or the 

membrane can be damaged.  Other volatile weak acids, such as acetic acid, also 

diffuse across the membrane and affect the measurement.   

A more important issue for the experiments in this work was related to the 

internal filling solution.  If the total concentration of the sample solution is 

significantly less than that of the electrode internal filling solution, then water also 

diffuses across the membrane.  The water dilutes the internal filling solution and 

results in electrode drift.   

Nevertheless, the CO2 electrode is portable and continuous measurements may 

be taken relatively easily.  Thus, the CO2 electrode was used to obtain rough, on-line 

values for the feed concentration in some experiments.  By monitoring the feed 

concentration, steady state operation could be verified and maintained.   
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4.4.2.  Total carbonate analyzer 
Liquid phase CO2 concentrations were determined with a total carbonate 

analyzer.  During analysis, an aliquot of sample was acidified to convert all carbonate 

species (CO2, HCO3
-, and CO3

=) to CO2 and liberate CO2 gas.  The CO2 was stripped 

out of solution by an inert gas (N2) that contains negligible CO2.  The gas exiting the 

analyzer was then dried, and the CO2 concentration of the gas stream was measured 

with a Horiba PIR 2000 CO2 gas analyzer by infrared spectroscopy.  The response of 

the analyzer was recorded on a Soltec 1242 chart recorder.  See Appendix F for a 

more detailed description of the procedure. 

Standard solutions of 1.0 mM NaCO3 were prepared and analyzed with the 

total carbonate analyzer.  By varying the volume of standard solution being analyzed 

(10 to 100 µL), the analyzer response was calibrated to give the moles of carbonates 

as a function of the peak height on the chart recorder.  The standard error of the 

calibration curve was typically about 1 to 2%, and replicate analyses indicated that 

the procedure was reproducible within about 1%.  Then, an aliquot of sample was 

analyzed to determine the total carbonate concentration in the solution.  Since the pH 

of the water in the spray experiment was 4.5, all the carbonate in solution may be 

assumed to be in the form of CO2. 

4.5.  SPRAY SAMPLER DEVELOPMENT 
Liquid samples were taken from the feed line to determine the concentration 

of CO2 at the inlet to the test system.  Liquid samples were collected from the spray 

and analyzed to obtain concentrations of CO2.  A sampling device and methods had to 

be developed to minimize the desorption of CO2 from the samples during the 

collection event.  Measurements of the mass transfer in a spray are sensitive to wall 

effects and the method of sample collection.  Gas entrainment, secondary drop 

breakup, and turbulent surface renewal can result when the high velocity spray 

impacts the tower walls, liquid surfaces, or the sample collection device itself. 
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Most of the literature for spray towers have neglected sample collection 

effects and assumed that all of the mass transfer is due to the spray droplets.  Little or 

no data exists for mass transfer during spray impact or sample collection, and 

methods for sample collection have been crude.  In single droplet studies, more care 

has been taken, and methods include isolating collected droplets from the gas stream 

with an oil film (Amokrane et al., 1994; Kaji et al., 1985; Taniguchi et al., 1997) and 

collecting the droplets in NaOH solution so that dissolved CO2 reacts before it can 

desorb into the gas (Altwicker and Lindhjem, 1988). 

Several different sampler designs are discussed in the following sections.  The 

performance of each sampler was tested in laboratory experiments with liquid jets 

and, in some cases, laboratory scale spray nozzles.  The goals of the sampler 

development were to measure and characterize the mass transfer in each sample 

collector and then to minimize that mass transfer so that the mass transfer of sprays 

could be measured accurately. 

4.5.1.  Simple sampler results 
Initial designs collected samples continuously to minimize the contact time for 

extra mass transfer to occur.  The sampler consisted of an open tube with a ¾” inside 

diameter.  Maintaining the liquid level in the sampler was problematic.  If the liquid 

level in the sampler was high, then turbulent mixing, splashing, and frothy behavior 

was observed.  In addition, increasing the liquid level also increased the residence 

time of liquid in the active mass transfer zone.  However, if the liquid level was too 

low, then gas was entrained into the outlet of the sampler and into the sample line.  

The entrained gas and the two-phase flow in the tubing were expected to lead to too 

much additional desorption of CO2.  At higher sample flow rates and/or higher spray 

velocities, gas entrainment became even more of an issue. 

Mass transfer results with the open sampler and a 1/64” (0.04 cm) jet are 

given in Table 4.2.  The “high” liquid level refers to a level near the top of the 

sampler, approximately 3” of liquid.  The “low” liquid level indicates that only about 
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1” of liquid was maintained in the sampler.  Gas entrainment into the sample line was 

common at the low liquid level. 

Table 4.2. NL values for open sampler and 0.04 cm jet 

Liquid level ∆P = 5 psi ∆P = 10 psi 

High 0.220 0.519 

Low 0.557 0.809 

 
Both the velocity of the liquid entering the sampler and the liquid level in the 

sampler had strong effects on the mass transfer in the sampler.  As the data at the low 

liquid levels shows, the losses of CO2 due to gas entrainment into the sample line 

increased the sampler NL dramatically.  At the higher liquid level, less mass transfer 

was observed, but NL was still significant and a strong function of the liquid velocity.  

Improving the reproducibility of the sampler by reducing the dependence of the 

sampler NL on spray velocity was an important goal so that the effect of pressure on 

spray mass transfer could be measured. 

4.5.2.  Overflow sampler 
The overflow sampler consisted of an acrylic tube (¾” i.d. x 4” length) packed 

with NaturalAire air filter media.  Samples were collected and withdrawn 

continuously through ¼ inch Tygon tubing with a peristaltic pump (Masterflex model 

7521-40) to minimize the residence time of liquid in the sampler.  The purpose of the 

packing was to reduce splashing and turbulent mixing and to facilitate gas-liquid 

separation.  The spray flux was measured by adjusting the sample flow rate to 

maintain a constant liquid level in the sampler.  However, during operation the 

packing was flooded so that it did not contribute additional interfacial area for mass 

transfer.  A fraction of the spray that was intercepted by the sampler was pumped out 

of the bottom, and the rest was allowed to overflow.  The ratio of overflow to sample 

flow rate was varied to minimize the sampler mass transfer. 
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Figure 4.9. Overflow sample collector 

4.5.2.1.  Overflow sampler development 
CO2 desorption experiments were conducted to characterize the mass transfer 

occurring during sample collection.  The mass transfer was measured in the 

laboratory contactor as a function of distance at several operating pressures and for 

several nozzles.  Cylindrical liquid jets were used in most of the characterization 

experiments because the mass transfer as a function of distance was more easily 

determined, particularly close to the nozzle.  By extrapolating to zero distance, the 

mass transfer in the jet was eliminated, and the mass transfer in the sampler was 

determined under each set of conditions.  Experiments were also conducted with the 

smaller spray nozzles to verify that the results for jets and sprays were consistent.   

Initial experiments with the 1/8-A-SS-0.5 spray nozzle were used in the 

development of the overflow sampling methods.  Measurements were taken at two 

distances from the nozzle (0.32 and 0.64 cm) and with two different packing 

configurations (Figure 4.10).  In the low packing arrangement, the top of the packing 

was 0.64 cm below the top of the sampler.  In the high packing arrangement, the 

packing extended 0.64 cm above the top of the sampler.  The spray flux was 
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measured by adjusting the sample flow rate to maintain a constant liquid level in the 

sampler.  Then, the sample flow rate was reduced so that some of the liquid 

overflowed.  Samples were collected at several flow rates to determine the optimal 

conditions to minimize the sampler mass transfer. 

0.4

0.5

0.6

0.7

0.8

0 0.2 0.4 0.6 0.8 1

r = 0.64 cm, low packing
r = 0.32 cm, low packing
r = 0.32 cm, high packing

N
L =

 ln
(C

in
/C

ou
t)

Sample Flow/Spray Flow

Nozzle: 1/8-A-SS-0.5
∆P = 10 psi

 
Figure 4.10. Effect of overflow ratio on sampler mass transfer 

Increasing the packing to a level at or slightly above the liquid surface had a 

small effect on the mass transfer.  The NL for the high packing case was consistently 

lower than for the low packing.  No consistent trend was observed for the effect of the 

overflow ratio on the sampler mass transfer.  In later experiments, the high packing 

level was used, and sample flow was set at 80-100% of the spray flow in order to 

reduce the time required to collect samples.   

4.5.2.2.  Overflow sampler mass transfer 
Significant mass transfer was measured during spray impact in the overflow 

sample collection device (Table 4.3).  The number of liquid phase transfer units for 

the sampler was correlated as a function of the liquid velocity and liquid fraction 
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(Equation 4.4).  The liquid velocity was calculated from the nozzle pressure drop 

(Equation 3.22), and the liquid fraction (f) was calculated by normalizing the 

measured sample flow rate (Qp) by the cross-sectional area of the sampler and the 

liquid velocity.  The liquid fraction is a convenient parameter because it is 

dimensionless and should be constant for a given liquid jet experiment.  

Table 4.3. Overflow sampler characterization 

NL Cylindrical 
jet diameter 

∆P 
(psi) 

Qp 
(cm3/min) 

Flux 
(cm/s) 

U 
(m/s) f = Flux/U Measured Calculated 

0.04 cm 5 59 0.34 8.3 4.13 x 10-4 0.32 0.35 

 10 87 0.51 11.7 4.34 x 10-4 0.49 0.46 

 20 118 0.69 16.6 4.17 x 10-4 0.66 0.61 

0.09 cm 5 302 1.77 8.3 2.13 x 10-3 0.18 0.28 

 10 431 2.52 11.7 2.14 x 10-3 0.32 0.37 

0.12 cm 5 490 2.87 8.3 3.45 x 10-3 0.36 0.26 

 10 676 3.95 11.7 3.37 x 10-3 0.42 0.34 

 20 970 5.67 16.6 3.42 x 10-3 0.57 0.45 

0.16 cm 5 926 5.42 8.3 6.52 x 10-3 0.28 0.24 

 10 1310 7.66 11.7 6.52 x 10-3 0.28 0.31 

 20 1852 10.83 16.6 6.52 x 10-3 0.30 0.41 

Spray nozzle        

1/8-A-SS-0.5 10 150 0.88 11.7 7.49 x 10-4 0.40 0.43 

 20 215 1.26 16.6 7.56 x 10-4 0.58 0.56 

1/8-A-SS-2 10 224 1.31 11.7 1.12 x 10-3 0.30 0.40 

 
The NL of the overflow sampler ranged from 0.2 to nearly 0.7 at the high 

spray velocities and low sample flow rates.  The NL was correlated with the velocity 

in cm/s and with the liquid fraction. 

  (4.5) 14.081.04
L fU1001.5N −−×=
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The sampler NL was found to have a strong dependence on the spray velocity 

and a weak negative dependence on the liquid fraction.  The higher velocities 

imparted greater turbulence to the liquid and entrained more gas into the sampler, 



 

both of which tended to increase the sampler mass transfer.  At higher liquid 

fractions, the higher sample flow rates reduced the residence time of the liquid in the 

sampler, thereby reducing the sampler mass transfer.  A parity plot of the overflow 

sampler NL correlation is shown in Figure 4.11.  The correlation also predicts the 

sampler NL for the two small spray nozzles, indicating that the sampler NL data with 

jets and sprays should be equivalent. 
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Figure 4.11. Parity plot of the overflow sampler correlation 

Based on the work of other researchers, NL values of 1 to 2 were expected for 

the spray, but a great deal of mass transfer was found to occur in spray impact or 

sample collection.  Thus, mass transfer during sample collection with the overflow 

sampler was a large fraction of the expected values for the spray NL.  As little as half 

of the total observed mass transfer may be due to the spray, and the rest of the mass 

transfer may be occurring at the walls, at spray impact on column internals, or at the 

liquid surface in the bottom of the spray tower.  Spray column designs can take 
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advantage of the exceptionally high NL per unit contactor volume during impact by 

limiting the amount of contactor volume occupied by the droplets.  Impact surfaces 

could be positioned immediately below the spray nozzles so that the high velocity 

sprays impact the surfaces.  The liquid could be collected and recycled to the reaction 

tank or fed to the next spray header. 

4.5.3.  Quench sampler 
The quench sampler was designed to further reduce the mass transfer during 

sample collection.  Like the overflow sampler, the quench sampler consisted of an 

acrylic tube packed with air filter media.  Liquid was pumped out of the sampler, and 

the peristaltic pump was used to measure the spray flux.  However, during sample 

collection, a 0.1 M sodium hydroxide (NaOH) solution was also continuously fed to 

the top of the sampler through a 0.040-inch orifice.  The orifice was drilled at a 45° 

angle so that the hydroxide solution was directed down into the sampler.  The angle 

reduced losses of hydroxide solution out the top of the sampler and facilitated mixing 

of the hydroxide and the liquid in the sampler.   

The NaOH solution and the sample stream were controlled by the same 

peristaltic pump drive so that the ratio of NaOH solution to sample flow rate was held 

constant.  The NaOH solution was delivered through ¼ inch i.d. tubing, and the 

sample stream was withdrawn using ⅛ inch i.d. tubing.  The ratio of the flow rates for 

the two peristaltic pumps was 1.0:3.5.  The NaOH solution mixed with the collected 

spray and reacted to convert dissolved CO2 into bicarbonate ion, which does not 

desorb out of solution.   

Over time, the NaOH solution tended to absorb CO2 from air, so care was 

taken to minimize and account for the background concentration of carbonate species 

in the solution.  The quenching solution was prepared from NaOH pellets and 

deionized water in a collapsible plastic bag.  The collapsible reservoir allowed 

solution to be withdrawn without exposing the solution to air or developing a 

vacuum.  The background concentration in the quenching solution had to be 
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measured and subtracted from the total carbonate concentration of spray samples.  

Typically, the total carbonate concentration of the NaOH solution was 0.3 to 0.4 mM. 
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Figure 4.12. Quench sample collector 

4.5.3.1.  Quench sampler development 
As with the overflow sampler, CO2 desorption experiments were conducted 

with the 0.04 cm jet to characterize the mass transfer and to continue developing the 

quench sampler design.  Factorial experiments were performed with high/low liquid 

levels and with/without quenching, and results are shown in Table 4.4.  The high 

liquid level means that the surface of the liquid in the sampler was at the top of the 

packing, and the low level means that the liquid level was about 2” below the top of 

the packing.  Again, gas entrainment was observed at the low liquid level.  Although 

these experiments were operated with no overflow, the results for the runs without 

quenching were similar to the correlated values for the overflow sampler NL, as 

expected.   
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Table 4.4. NL data for quench sampler development (0.04 cm jet, high and low 
liquid levels) 

Not quenched Quenched 
∆P (psi) Overflow 

correlation High level Low level High level Low level 

5 0.32 -0.04 0.38 0.06 0.01 

10 0.49 0.47 0.31 -0.02 0.16 

20 0.66 0.67 0.71 0.23 0.44 
 

When the basic solution was used to quench the mass transfer in the sampler, 

the NL decreased markedly.  On average, the sampler NL at high liquid levels with 

quenching were lower than those at low liquid levels.  The higher level ensured that 

the spray and the quenching solution mixed as soon as possible.  When the spray 

entered the sampler, it immediately encountered the quenching solution, and the 

turbulence of the impact and collection facilitated the mixing of the spray with the 

NaOH.  The quench sampler NL also exhibited less dependence on the liquid level 

and was more reproducible than the NL for the non-quenched sampler.  Since the 

liquid level was somewhat difficult to control, reducing the dependence of the 

sampler NL on liquid level was advantageous.  Thus, the quench sampler successfully 

eliminated much of the sampler NL and was operated with the liquid level at the top 

of the packing in subsequent experiments. 

4.5.3.2.  Quench sampler mass transfer 
Results for the quench sampler are given in Table 4.5 and in Figure 4.13, 

where some of the data with the overflow sampler is included for comparison.  The 

average values and standard deviations for the quench sampler NL at each pressure 

are shown as well.  Little or no effect of the jet diameter was observed.  At nozzle 

pressures up to 10 psi (velocities up to 11.7 m/s), the NL in the quench sampler was 

effectively zero, compared to about 0.4 for the overflow sampler under similar 

conditions.  At 20 psi, data with for larger jet still showed no mass transfer in the 
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sampler.  For the smaller jet at high pressure, the mass transfer may be significant, but 

it is still much less than the 0.66 transfer units for the overflow sampler. 

Table 4.5. Quench sampler characterization 

Jet 
∆ P 

(psi) 
Qp 

(cm3/min) 
Flux 

(cm/s) U (m/s) f = Flux/V NL 
0.04 cm  5   68 0.40   8.3 4.81 x 10-4  0.06 

 10   90 0.53 11.7 4.48 x 10-4 -0.02 

 20 132 0.77 16.6 4.65 x 10-4  0.23 

0.12 cm  5 473 2.77   8.3 3.33 x 10-3 -0.02 

 10 680 3.97 11.7 3.38 x 10-3  0.08 

  20 968 5.66 16.6 3.41 x 10-3 -0.04 

Jet at 45° angle      

0.04 cm   5   60 0.35   8.3 4.23 x 10-4 -0.24 

 10   87 0.51 11.7 4.33 x 10-4  0.01 

 20 126 0.74 16.6 4.44 x 10-4  0.18 

0.04 cm  5   64 0.38   8.3 4.53 x 10-4  0.06 

  5   64 0.38   8.3 4.53 x 10-4  0.06 

 10   91 0.53 11.7 4.54 x 10-4  0.05 

 10   91 0.53 11.7 4.54 x 10-4  0.00 

 20 129 0.76 16.6 4.56 x 10-4  0.06 

 20 129 0.76 16.6 4.56 x 10-4  0.07 

0.12 cm  5 480 2.81   8.3 3.38 x 10-3  0.07 

  5 480 2.81   8.3 3.38 x 10-3 -0.06 
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Figure 4.13. Quench sampler results 

In most of the sampler characterization experiments, the jet and the sampler 

were oriented vertically, but the sampler was pointed at the nozzle during spray 

experiments as shown in Figure 4.9.  Therefore, experiments were also conducted 

with the jet and the sampler at a 45° angle to check for an effect of sampler 

orientation.  The results agree with the earlier experiments, and provide an estimate of 

the uncertainty in the sampler NL measurements.  Since the effect of jet diameter was 

not statistically significant, average values and standard deviations were calculated 

for NL at each operating pressure.  A negative NL was measured for one run at 5 psi 

but it can be neglected as a statistical outlier since the standardized residual is large 

(Montgomery, 1997). 

The NL of the quench sampler is negligible except perhaps at the highest 

velocity and lowest flow rate, where it reaches a maximum of 0.1 ± 0.1.  These 

conditions are the same as those for the highest overflow sampler NL.  Alternatively, 
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a more conservative conclusion would be that the quench sampler NL is 0.0 ± 0.2 over 

the entire range of velocities and flow rates.  The quench sampler NL was assumed to 

be zero in the subsequent spray experiments.  In any case, the quench sampler 

significantly reduces the mass transfer during sample collection compared to the 

overflow sampler.  Thus, the quench system was used to measure mass transfer in all 

the subsequent spray experiments, and the sampler NL was neglected. 
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Chapter 5:  Spray mass transfer 
 

Using the experimental methods and quench sampling described in the 

previous chapter, the mass transfer performance of sprays was measured directly.  As 

discussed earlier, the spray consists of distinct regions.  Immediately after exiting the 

nozzle, the liquid exists as a continuous sheet expected to have high kL and area but 

extremely short contact time.  During the breakup process, the sheet disintegrates into 

ligaments and then droplets.  The ligaments and droplets might be expected to have 

similar kL and area, but the lifetime of the ligaments is insignificant compared to that 

of the droplets.  Therefore, the ligaments were neglected, and only the sheet and the 

droplets are considered in the interpretation of the spray mass transfer performance. 

5.1.  SHEET OBSERVATIONS 
The transition between the sheet and the droplet regions had to be measured 

before the mass transfer in different parts of the spray could be separated.  In the 

laboratory experiments, this transition was easily determined.  The sheet behavior 

was observed with a strobe light, and the breakup length was measured directly.  At 

the nozzle exit, the sheet appears smooth.  Even though turbulence may be present in 

the liquid, the surface of the sheet is expected to be smooth immediately after exiting 

the nozzle because the liquid was just in contact with the wall of the orifice.  Similar 

observations were made by Davies (1972) in a study of turbulent jets.  Farther from 

the nozzle, waves can be seen on the surface of the sheet, and the sheet eventually 

breaks into ligaments and droplets. 

A photograph of the sheet emanating from the ⅜-A-SS-20 nozzle operated at 

10 psi pressure drop is given in Figure 5.1.  The sheet was illuminated from above by 

a small laboratory strobe light.  Because of the relatively low light, the shutter speed 

of the camera was relatively slow, and the sheet breakup point is not as clear in the 

photograph as it was for visual observations.  However, the smooth surface of the 

sheet and the appearance of waves can be easily seen in Figure 5.1.   
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Breakup length 

Figure 5.1. Sheet breakup (Nozzle: ⅜-A-SS-20, ∆P = 10 psi) 

The behavior of the sheet for the large nozzle was also observed, but the sheet 

breakup was difficult to measure.  In flash photographs (Figure 5.2), the surface and 

the length of the sheet appeared irregular.  Since the scale of turbulence is limited by 

the size (i.e. pipe diameter), the irregularities may be due to larger scales of turbulent 

eddies, which would not have been present in the laboratory experiments.  The 

condition of the nozzle also may have affected the sheet.  Even right next to the 

nozzle, the surface of the sheet was not smooth.  The small nozzles were new and 

made of stainless steel, but the large nozzle was used and somewhat worn.  It was 

made of silicon carbide and was obtained from R. Håkansson of ABB (Håkansson, 

1998).  The roughness of the nozzle surfaces could have contributed to the 

irregularities in the sheet. 
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Figure 5.2. Sheet breakup (Nozzle: 3CF-SILCNB-120, ∆P = 5 psi) 

The 3CF nozzle did not have a distinct sheet length that was easily measured.  

From Figure 5.2, the sheet breakup length could be anywhere from 2.0 to 3.5 inches.  

The sheet for the large nozzle appears significantly different from the sheet for the ⅜ 

inch nozzle.  On the sheet from the small nozzle, waves could be seen developing 

perpendicular to the direction of flow.  With the large nozzle, there seem to be 

ligaments oriented in the direction of flow.  These ligaments could be the result of 

surface irregularities as previously discussed, or they could indicate a different type 

of breakup phenomena. 

5.1.1.  Breakup length 
The sheet breakup length (Lb) was measured for each laboratory nozzle at 

each operating pressure.  A strobe light was used to illuminate the sheet under low 

ambient light so that the sheet breakup could be more easily determined.  The initial 

thickness of the sheet (ho) and the initial velocity (Uo) were calculated according to 

Equations 3.21 and 3.22 and used to calculate the Reynolds and Weber numbers for 

the sheet.  Then, sheet breakup lengths for the small nozzles were correlated with the 

sheet Reynolds and Weber numbers, defined below. 
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The result of the empirical correlation for sheet breakup is given in Equation 

5.3 below, and a parity plot of the correlation is given in Figure 5.3. 
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Figure 5.3. Parity plot of sheet breakup correlation (Equation 5.3) 

In Table 5.1, the measured breakup lengths are compared with the predictions 

of Equation 5.3 and the breakup models of Dombrowski and Hooper (1962) and 

Senecal et al. (1999).  Both of the theoretical models overpredict the sheet breakup 

lengths for all of the nozzles at the operating conditions used in laboratory work.  As 

previously discussed, sheet breakup measurements for the 3” nozzle were not 

possible.  The nozzle vendor also did not have data available for the sheet lengths of 
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the nozzles.  Therefore, the prediction of the empirical correlation was used to 

estimate the sheet length of the 3” nozzle. 

Table 5.1. Sheet breakup measurements and model predictions 
Sheet breakup length (cm) h  

(µm)  
∆P 

(psi) 
oNozzle Reo We  o1 Measured Correlated  2 D&H  3 Senecal  4

10 194 2278 371 2.9 3.0 7.0 4.3 ⅛-A-SS-2 
20 194 3216 742 2.4 2.4 4.7 3.3 
5 311 2580 297 4.1 4.5 13.2 7.3 

10 310 3642 594 3.8 3.6 8.4 5.6 ⅛-A-SS-5 
20 310 5140 1186 3.2 2.9 6.0 4.3 
5 427 3548 409 5.1 5.0 14.2 8.9 

10 427 5008 817 4.4 4.0 9.9 6.9 ¼-A-SS-10 
20 426 7069 1630 2.9 3.2 7.4 5.3 
5 621 5154 594 5.7 5.8 16.6 11.1 ⅜-A-SS-20 

10 620 7275 1186 4.4 4.6 12.2 8.7 
5 5101 42348 4883 10.5 60.6 80.6 

10 5089 59750 9744  8.5 46.8 40.5 3CF- 
SILCNB-120 

20 5076 84283 19437  7.1 36.3 20.3 

 

1Calculated from Equation 3.21 
2Predicted values from correlation (Equation 5.3) 
3Model predictions of Equation 3.15 (Dombrowski and Hooper, 1962) 
4Model predictions of Equation 3.16 (Senecal et al., 1999) 
 

5.1.2.  Calculated properties at breakup 
The wavelengths of the disturbances that result in sheet breakup are large 

relative to the droplet diameters.  Therefore, when the sheet breaks, its thickness (2hb) 

is smaller than the diameter of droplets that will be produced.  As a result, the area 

per unit volume of the sheet can be much greater than that of the droplets.  From 

Equation 3.23, the sheet length can be used to estimate a sheet thickness at breakup.   

 







+

=
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o
ob Lx

x
hh  (5.4) 

At the breakup point, the area per unit volume of the sheet may be calculated 

easily.  Consider a flat, two-sided sheet with width w, length dx, and thickness 2h.  

Then, the area per unit volume at the point of breakup is 

 
b

b h
1

hwdx2
wdx2a ==  (5.5) 

90 



 

The cumulative area per unit volume of the entire sheet (from x = 0 to x = Lb) 

may be calculated as described in Chapter 3.  The rate of change of sheet thickness is 

greatest at the nozzle exit, so if 
0xdx

dh
=

<< 1 then Equation 3.29 may be used to 

calculate the area per unit volume of the sheet (as).  Although the calculated values 

for as are very high, the short contact time of the sheet (ts) will limit the amount of 

mass transfer that can take place.  The area and other calculated properties of the 

sheet at breakup are given in Table 5.2.   

Table 5.2. Calculated sheet properties at breakup 

Nozzle ∆P (psi) hb (µm) ab (cm-1) 0xdx
dh

=
 as (cm-1) ts (ms) d32 (µm)* ad (cm-1) 

10 10 979 -0.0639 934 2.6 335 179⅛-A-SS-2 
20 12 835 -0.0669 806 1.5 307 195

5 18 555 -0.0623 532 5.4 439 137
10 21 474 -0.0652 459 3.1 403 149⅛-A-SS-5 
20 25 405 -0.0682 398 1.7 370 162

5 29 339 -0.0632 329 6.1 498 120
10 34 290 -0.0661 285 3.4 458 131¼-A-SS-10 
20 40 249 -0.0691 248 2.0 420 143

5 52 191 -0.0642 188 7.0 578 104⅜-A-SS-20 
10 61 164 -0.0672 164 4.0 531 113

5 1403 7.1 -0.0702 8.3 12.6 1334 45
10 1570 6.4 -0.0732 7.6 7.3 1225 493CF- SILCNB-

120 
20 1722 5.8 -0.0761 7.1 4.3 1125 53

* See data from Spraying Systems (Appendix A) 
 

The values in Table 5.2 were computed using the correlated breakup lengths 

from Equation 5.3.  For comparison, estimates of the area per unit volume for the 

droplets are also included in the table.  The Sauter mean diameters of the droplets 

were calculated based on data provided by Spraying Systems (Appendix A).  Then, 

from the definition of d32, the area per unit volume for the droplets is given by 

 
32

3
326

1

2
32

d d
6

d
d

a =
π

π
=  (5.6) 

For the laboratory nozzles, the calculated areas of the sheet are much greater 

than the areas of the droplets.  However, the difference between as and ad decreases as 
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the nozzle size increases.  In fact, for the 3CF nozzle, the sheet area was actually 

calculated to be lower than the droplet area.   

5.2.  MASS TRANSFER RESULTS 
The results of the laboratory spray experiments with the quench sampler are 

shown in Table 5.3.  Although the temperature in the spray experiments was not 

controlled, the temperature of the liquid was measured and found to be between 20 

and 25°C.  At operating pressure drops of 5, 10, and 20 psi, the NL of the spray is 

given as a function of distance from the nozzle.  The variation of spray flux or sample 

flow rate (Qp) limits the range of distance over which measurements can be made 

during a given experiment.  Data is not presented for the ⅛-A-SS-2 nozzle at 5 psi or 

the ⅜-A-SS-20 at 20 psi.  For the small nozzle, the spray is not fully developed at 

such a low pressure.  For the larger nozzle, the laboratory apparatus could not deliver 

the high liquid flow rate and dissolve the CO2 at the same time. 

In Table 5.4, similar results for the pilot scale experiments with the 3CF 

nozzle are given.  As in the laboratory experiments, the liquid temperature was 

measured, and at steady state, it was found to be between 35 and 40°C.  Data was also 

collected as a function of angular position in the spray.  At each distance, the angles 

are coded such that “0” corresponds to the central core of the spray, where the spray 

flux is highest.  Sample points on the inside and outside fringes of the spray are 

denoted as “–” and “+” respectively.  Most of the data outside of the core of the spray 

is slightly lower than the measurements taken at the center of the spray.  However, 

the difference is not statistically significant when compared to the variance in the rest 

of the data. 
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Table 5.3. Spray mass transfer in laboratory experiments (T = 20-25°C) 

∆ P = 5 psi ∆ P = 10 psi ∆ P = 20 psi 

Nozzle 
Lb 

(cm) 
r 

(cm) 
Qp 

(cm3/min) NL 
Lb 

(cm) 
r 

(cm) 
Qp 

(cm3/min) NL 
Lb 

(cm) 
r 

(cm) 
Qp 

(cm3/min) NL 
⅛-A-SS-2     2.9 1.3 180 0.62 2.4 1.3 234 0.66 
      2.5 103 0.82  5.1 90 1.18 
      3.8 80 0.79  8.9 46 1.21 
      5.1 42 1.07     
      1.4 189 0.58  1.7 207 0.75 
      2.9 112 0.77  3.2 133 0.86 
      4.5 73 0.98  4.5 60 0.69 
      6.2 30 0.65  6.2 45 1.14 
⅛-A-SS-5 4.1 1.3 391 0.21 3.8 1.3 481 0.21 3.2 2.5 411 0.56 
  2.5 232 0.38  2.5 262 0.39  5.1 246 0.60 
  5.1 150 0.46  6.4 146 0.50  10.2 88 0.64 
  8.9 138 0.56  10.2 78 0.53  15.9 38 0.89 
  14.0 42 0.57  19.7 8 0.71  22.2 12 0.86 
¼-A-SS-10 5.1 5.7 224 0.36 4.4 3.6 464 0.31 2.9 3.6 626 0.52 

  10.2 103 0.52  9.2 125 0.49  8.1 275 0.60 
  18.3 15 0.50  13.7 46 0.59  14.8 64 0.65 
      18.3 5 0.64  18.3 36 0.69 
      24.0 5 0.63     
  3.5 350 0.28  3.5 447 0.44  8.6 234 0.44 
  8.6 143 0.40  8.6 184 0.40  13.7 90 0.46 
  13.7 58 0.40  13.7 68 0.48  18.7 46 0.54 
  18.7 23 0.47  18.7 23 0.51  23.8 25 0.53 
      23.8 11 0.56     

      3.5 628 0.44     
      13.7 76 0.54     
      19.1 25 0.41     
      23.8 23 0.47     
⅜-A-SS-20 5.7 3.2 916 0.16 4.4 3.5 996 0.18     

  7.6 374 0.27  7.6 497 0.38     
  12.7 164 0.39  12.1 188 0.37     
  17.8 82 0.41  17.8 86 0.61     
  24.1 40 0.39  25.4 38 0.51     
  38.7 10 0.45  40.6 10 0.53     
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Table 5.4. Spray mass transfer in pilot scale experiments  
(Nozzle: 3CF-SILCNB-120, T = 35-40°C) 

P (psi) r (m) Angle (°) Coded 
angle 

Qp 
(cm3/min) Flux cm/s NL 

5 0.80 51 0 294 1.72 0.33 
 1.01 49 0 238 1.39 0.15 
 1.19 48 0 194 1.13 0.29 
 1.38 47 0 158 0.92 0.30 
 1.74 42 – 36 0.21 0.19 
 1.74 44 0 78 0.45 0.36 
 1.74 44 0 78 0.45 0.37 
 1.74 47 0 98 0.57 0.35 
 1.75 49 + 30 0.17 0.26 

10 0.74 49 0 407 2.38 0.28 
 0.74 49 0 407 2.38 0.24 
 0.93 45 – 234 1.37 0.31 
 0.94 49 0 274 1.60 0.33 
 1.24 47 0 210 1.23 0.35 
 1.25 51 + 162 0.95 0.37 
 1.25 51 + 162 0.95 0.44 
 1.25 51 + 114 0.67 0.45 
 1.62 46 0 138 0.81 0.34 
 1.81 46 0 114 0.67 0.38 
 1.82 44 – 86 0.50 0.35 
 1.82 48 0 110 0.64 0.38 
 1.82 48 0 110 0.64 0.47 
 1.82 48 0 110 0.64 0.36 
 1.82 48 0 102 0.60 0.44 
 1.82 50 + 30 0.17 0.32 

20 1.33 50 0 204 1.19 0.56 
 1.53 46 – 194 1.13 0.27 
 1.53 48 0 226 1.32 0.34 
 1.69 44 – 122 0.71 0.28 
 1.69 46 0 202 1.18 0.38 
 1.69 49 0 170 0.99 0.51 
 1.71 51 + 62 0.36 0.19 

 

In both the laboratory and pilot scale data, the measured NL values for the 

spray are low compared to expectations.  Based on the discussion and literature 

review in Chapters 1 and 2, the spray could have been expected to provide 1 to 3 

transfer units, but values measured in this work typically ranged from 0.5 to 1.0.  This 
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discrepancy is most likely because previous researchers included the contributions of 

sample collection and wall effects in their reported values of NL.  Since great care 

was taken to validate the sample collection methods in this work, the current data 

should be more representative of the mass transfer occurring in the spray itself. 

The unexpectedly large difference between this data and previous work also 

highlights the significance of mass transfer during spray impact.  The mass transfer in 

a real spray contactor may occur in the spray region, on the walls, or in the 

accumulated liquid at the bottom of the absorber.  Typically, the last two sources are 

neglected, and the overall performance is attributed to the spray.  However, as high 

velocity liquid impacts surfaces, gas entrainment and turbulent mixing may result.  

Thus, spray impact on the walls, into liquid surfaces, or with other sprays could 

greatly increase the mass transfer.  These phenomena are discussed further in the next 

chapter. 

5.2.1.  Empirical correlations 
The experimental values for the spray NL were empirically correlated in a 

power law form.  The correlations were obtained by a least squares regression, after 

the equation was linearized by taking logarithms.  The confidence intervals 

correspond to the standard errors of the least squares estimates of the parameters.  

The data for the smallest nozzle (⅛-A-SS-2) was not included in this regression 

because the data for this nozzle was significantly different from the rest of the data.  

The results for the ⅛-A-SS-2 nozzle are discussed in more detail later, in Section 

5.2.4.  In addition, for the 3CF nozzle, only the data for the center of the spray was 

included in the regression. 

Table 5.5 gives the results for an empirical correlation for the spray NL.  A 

dimensional correlation predicts the spray NL as a function of nozzle orifice diameter 

(dor [in]), nozzle pressure drop (∆P [psi]), and distance (r [in]).  A parity plot of the 

correlated and predicted NL values is given in Figure 5.4.  The nozzle size has the 

strongest effect on the spray NL.  As the nozzle size is increased, the mass transfer in 
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the spray decreases.  The spray NL increases slowly with distance and the higher 

slope close to the nozzle indicates the higher mass transfer rates in the sheet and/or 

soon after droplet formation.  The nozzle pressure drop has only a weak positive 

effect on the mass transfer in the spray.  These effects are discussed in more detail in 

the following sections. 

Table 5.5. Empirical correlation of spray NL 
3C2C1C

orL rPd0CN ∆=  
Parameter Regressed value 

ln C0 -2.51 ± 0.13 
C1 -0.45 ± 0.04 
C2  0.23 ± 0.04 
C3  0.31 ± 0.03 

Note:  dor and r in inches and ∆P in psi 
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Figure 5.4. Parity plot of empirical spray NL correlation (Table 5.5) 
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The second correlation (Table 5.6) is dimensionless and expresses spray NL as 

a function of the Reynolds and Weber numbers at the nozzle exit and the distance 

normalized by the nozzle orifice diameter.  In order to account for the higher 

temperature in the pilot scale experiments, the physical properties were assumed the 

same as those for water.  The density and viscosity as a function of temperature were 

obtained from Perry’s Handbook (Liley et al., 1984), and values for the air-water 

surface tension were obtained from the CRC Handbook (Weast, 1998). 

Table 5.6. Dimensionless correlation of spray NL 
3C

or

2C
o

1C
oL d

rWeRe0CN 







=  

Parameter Regressed value 
ln C0 -0.11 ± 0.22 

C1 -0.60 ± 0.08 
C2  0.52 ± 0.08 
C3  0.31 ± 0.03 

 
The negative dependence on Reo indicates that the greater mass transfer at 

higher Reo is not enough to compensate for the corresponding greater liquid flow rate.  

Since NL can be viewed as the liquid phase mass transfer capability (kLA) normalized 

by the liquid flow rate (see Equation 1.4), NL will decrease if kLA increases more 

slowly with Reo than the liquid flow rate does. 

5.2.2.  Effect of distance 
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The mass transfer performance of the ⅛-A-SS-5 spray nozzle is graphed in 

Figure 5.5 as a function of distance.  Mass transfer rates, indicated by the slopes of 

the data, were very high close to the nozzle and then decreased with distance.  At a 

nozzle pressure drop of 10 psi, an NL of 0.7 was accomplished within 20 cm of the 

nozzle.  At this pressure, the liquid sheet exiting the nozzle broke into spray droplets 

at a distance of 3.8 cm, and the spray NL was already approximately 0.4 at the point 

of sheet breakup.  In the droplet region, the NL of the spray increased approximately 

linearly with distance.  Since the slope of NL versus distance was low, the droplets are 



 

expected to add little to the mass transfer of the spray, even at greater distances.  

Thus, the contribution of the sheet to mass transfer is expected to be substantial even 

though the sheet region is only a small fraction of the total spray. 
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Figure 5.5. Spray mass transfer in laboratory experiments  
(Nozzle: ⅛-A-SS-5, quench sampler) 

A similar effect of distance was observed in the pilot scale experiments as 

well (Figure 5.6).  Again, the slope of the NL data with distance is low and 

approximately constant.  Unfortunately, the sheet could not be sampled because of 

limitations on the quench sampler flow rate.  Attempts to collect samples at higher 

spray fluxes resulted in flooding of the sampler.  Nevertheless, extrapolating the data 

back to the point of sheet breakup (approximately zero distance) yields an estimate of 

the sheet NL of 0.2.  Although the sheet NL for the 3-inch nozzle is less than that for 

the 1/8-inch nozzle, the sheet still accounts for about 40% of the total NL of the spray. 
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Figure 5.6. Spray mass transfer in pilot scale experiments  

(Nozzle: 3CF-SILCNB-120, quench sampler) 

5.2.3.  Effect of nozzle pressure drop 
The nozzle pressure drop has little effect on the number of transfer units in the 

spray.  In Figure 5.5, the NL data at 5 and 10 psi are nearly identical, and the data at 

20 psi are only about 0.2 transfer units higher.  Although the NL in the sheet seems 

slightly higher at 20 psi, it is not a strong function of the pressure drop.  In Figure 5.6, 

even less of an effect of pressure can be observed because of scatter in the data.  

According to the empirical correlation, NL varies with pressure drop to the 0.23 ± 

0.04 power. 

The nozzle pressure drop could have different effects on the mass transfer 

coefficient, area and contact time in the sheet.  As the pressure drop is increased, the 

shorter sheet breakup length and the higher velocity are expected to result in lower 

interfacial area per unit liquid volume (aL) and contact time.  However, the higher 

99 



 

pressure drop could also result in a greater kL.  The data suggest that the NL of the 

sheet increases slightly with ∆P, so the mass transfer coefficient in the sheet has a 

stronger dependence on the ∆P than the area or contact time do.   

In the spray droplet region, the slope of the 20 psi data is approximately the 

same as that for the data at 5 and 10 psi.  The higher pressure drop results in higher 

spray velocity and thus shorter contact time in the spray.  The higher pressures also 

generate slightly smaller droplets, which have more area per unit liquid volume.  

However, the decrease in droplet size is not large enough to compensate for the 

reduction in contact time, so the mass transfer coefficient of the droplets must be 

increasing significantly with pressure as well.  The higher kL in the droplets may be 

due to higher kL in the sheet, the dependence of the oscillation kL on droplet size, or a 

combination of the two. 

5.2.4.  Effect of nozzle size 
As nozzle size is increased, the NL values as a function of distance decrease.  

Larger nozzles have thicker sheets and generate larger droplets, which result in 

substantially lower aL.  Experimental data and correlation predictions for the different 

spray nozzles operated at 10 psi pressure drop are shown in Figure 5.7.  The distance 

from the nozzle is normalized by dividing by the nozzle orifice diameter.  With the 

exception of the smallest nozzle shown (⅛-A-SS-2), the experimental data for the 

laboratory scale nozzles almost seem to collapse onto a single curve.  The correlated 

NL values decrease slightly as nozzle size increases, even after the distance is 

normalized by the nozzle orifice diameter.  The scatter in the experimental data may 

make it difficult to distinguish trends among the raw data.   

100 



 

0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30 40 50 60 70

1/8-A-SS-2
1/8-A-SS-5
1/4-A-SS-10
3/8-A-SS-20
3CF-SILCNB-120

S
pr

ay
 N

L

D istance/orifice diameter

∆P = 10 psi

Curves represent predictions of 
the empirical spray N

L
 correlation

 

Figure 5.7. Effect of nozzle size on spray mass transfer  
(∆P = 10 psi, quench sampler) 

The NL data for the 3-inch nozzle has a similar dependence on spray distance 

and orifice diameter as the other nozzles, even though the pilot scale nozzle is an 

order of magnitude larger than the laboratory nozzles and has a flow rate two orders 

of magnitude larger.  On the other hand, the data for the ⅛-A-SS-2 nozzle is 

noticeably different from the rest of the data, and extrapolating the empirical 

correlation does not match the data.  As mentioned earlier, the data for this nozzle 

was not included in the regression of the empirical correlations in Table 5.5.   

Since the ⅛-A-SS-2 is the smallest nozzle tested, it may be in a different flow 

regime.  To investigate this hypothesis, the Reynolds numbers for the two smallest 

nozzles are compared in the following table.  Repipe is computed for the flow in the ½ 

inch piping system (schedule 80, i.d. 1.39 cm) and in the pipe immediately upstream 

of the nozzle (⅛ inch, i.d. 0.683 cm).  Reo is computed as before, for the sheet at the 

nozzle exit.  These Reynolds numbers should determine the flow behavior in the pipe 
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and the sheet.  Finally, the Re for the flow around the droplets (Red) is calculated to 

determine if droplet oscillation is expected. 

Table 5.7. Comparison of Re for small nozzles 
Repipe Nozzle ∆P Q (cm3/s) d32 (µm)* ½ inch ⅛ inch 

Reo Red 

⅛-A-SS-2 10 12.6 335 1158 2351 2278 216 
 20 17.8 307 1638 3325 3216 281 
⅛-A-SS-5 5 22.3 439 2048 4156 2580 200 
 10 31.5 403 2896 5878 3642 260 
 20 44.6 370 4095 8312 5140 338 
* See data from Spraying Systems (Appendix A) 
 

The Red values for the small nozzles are close to the critical value for the 

onset of droplet oscillation.  As discussed in Chapter 3, droplet oscillation begins at 

Red values of about 200.  However, the values for Reo and Red for the ⅛-A-SS-5 

nozzle at 5 psi are less than those for the ⅛-A-SS-2 nozzle at 20 psi.  Therefore, the 

flow of the sheet and the droplet behavior are not expected to be very different 

between the two nozzles and do not explain the dramatic change in the behavior of 

the small nozzle.   

The Reynolds numbers for flow in the pipe upstream of the nozzles do not 

overlap.  For the ⅛-A-SS-2 nozzle, the Reynolds numbers in the ½ inch pipe are low 

enough that the flow is expected to be laminar.  At the higher flow rates of the ⅛-A-

SS-5 nozzle, the Reynolds numbers are in the transition region to turbulent flow.  

However, all of the Reynolds numbers in the ⅛ inch pipe indicate turbulent flow 

conditions.  If the flow upstream of the ⅛-A-SS-2 nozzle is laminar, then the laminar 

flow conditions or entry effects in the short run of ⅛ inch pipe could alter the sheet 

behavior or breakup phenomena. 

The data for the ⅛-A-SS-2 nozzle at 10 and 20 psi are reasonably described 

by a linear relationship NL = 0.0885 r + 0.554, where the spray distance r is in cm.  In 

the droplet region, the mass transfer coefficient is related to the slope (see Equation 

3.40).  The droplet kL is thus estimated to be 0.75 cm/s at 10 psi and 0.97 cm/s at 20 
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psi.  These mass transfer coefficients are greater than most of the droplet models 

would predict, as shown in the following table.  The Ruckenstein circulation model 

most closely fits the experimental results.   

Table 5.8. Comparison of droplet kL model predictions for ⅛-A-SS-2 nozzle 

Model ∆P = 10 psi ∆P = 20 psi 
Penetration   0.061 cm/s   0.073 cm/s 
Oscillation   0.167   0.178 
Ruckenstein   0.805   0.999 
Handlos & Baron   0.086   0.122 
Laddha & Degaleesan   1.208   1.708 
Estimated values   0.75   0.97 
 

5.2.5.  Summary 
The NL values for sprays were measured using quench sampling methods to 

eliminate spray impact and sample collection effects.  The NL data were significantly 

less than other reported data that did not isolate the spray from these effects.  Based 

on these results, only 0.5 to 1.0 of the 1 to 3 transfer units that are expected in a spray 

may be due to the spray itself.  Other sources of mass transfer must exist in a real 

spray contactor in order to account for the previously reported data, and they would 

be expected to be similar in magnitude to the spray NL.  The source of the remainder 

of the mass transfer is discussed later. 

In the spray, NL increased with distance, but the highest mass transfer rates 

occurred near the nozzles.  Even before droplet formation, mass transfer in the sheet 

provided 40% of the total NL of the spray.  Mass transfer rates in the spray droplets 

were much lower, and NL increased approximately linearly with distance from the 

point of sheet breakup to a spray distance of 70 orifice diameters.   

The spray NL exhibited a weak effect of nozzle pressure, due to the tradeoff 

between increasing kL and/or area and decreasing contact time.  Larger nozzles gave 

lower NL at a given spray distance and nozzle pressure.  NL also had an inverse 
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dependence on Reo, indicating that the mass transfer increased more slowly than the 

liquid flow rate. 

5.3.  ANALYSIS/CALCULATION OF KL 
After obtaining data for NL, the next step in analyzing the mass transfer is to 

separate the effects of the liquid phase mass transfer coefficient and the interfacial 

area for mass transfer.  Two approaches are described in this section: the standard 

calculation of kLa and a Lagrangian modeling approach.  The kLa calculation was 

found to be extremely sensitive to the contactor volume since the spray is conical in 

the region of interest.  Theoretical kL models for the sheets and droplets were applied 

and combined with calculated areas and contact times to predict the NL of the spray. 

5.3.1.  Calculation of kLa 
One of the most common methods of representing liquid phase mass transfer 

characteristics of a contactor is kLa, the mass transfer capability normalized by the 

contactor volume.  Sometimes, the area per unit contactor volume can be determined 

independently, and then kL can be calculated.  In order to calculate kLa for the spray, 

an effective contactor volume was defined as a function of distance from the spray 

nozzle (Figure 5.8).   

r 
θ 

 
Figure 5.8. Calculation of effective contactor volume 

Thus, the effective contactor volume Vc was calculated, and the data for NL 

was transformed into values for kLa using the liquid flow rate and the effective 

contactor volume. 
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The calculated values for kLa varied greatly with position in the spray.  For 

comparison with literature, kLa values far from the nozzle were used.  These values 

ranged from about 0.005 to 0.050 s-1, which are close to the 0.002 to 0.018 s-1 range 

of Mehta and Sharma (1970) and Pinilla et al. (1984).  The calculated kLa values are 

also the same order of magnitude as values expected for spray extraction (~10-3 s-1) 

according to Seibert (1988).  

The kLa data were then regressed as a power law in Reo, Weo, and η, where η 

is a dimensionless contact time.  The Reo and Weo were expected to describe the mass 

transfer occurring initially in the sheet.  The variation of NL with distance or contact 

time was then expected to be a function primarily of the droplets.  Based on the work 

of Hughes and Gilliland, the mass transfer of the droplets was expected to vary as 

viscosity dampened the droplet oscillations.  Thus, η is defined as the contact time 

divided by a characteristic time scale for viscous damping, or 
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The kLa correlation is given in Table 5.9 and in Figure 5.9.  As in the 

dimensionless NL correlation, kLa has a negative dependence on the sheet Reynolds 

number.  The sheet Weber number has a weaker effect on kLa, and the uncertainty in 

value of the exponent is relatively high.  The parameter with the smallest uncertainty 

is the exponent on η, but the dependence of kLa on η is mostly due to the calculation 

of the contactor volume. 
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Table 5.9. Correlation of spray kLa 
3C2C

o
1C

oL WeRe0Cak η=  
Parameter Regressed value 

ln C0 -3.75 ± 0.24 

C1 -1.47 ± 0.07 
C2   0.67 ± 0.08 
C3  -2.69 ± 0.03 
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Figure 5.9. Parity plot for kLa correlation (Table 5.9) 

The parity plot in Figure 5.9 also shows that the kLa values cover a wide 

range, almost four orders of magnitude from 6 x 10-4 to 5 cm/s.  The wide variation in 

the kLa values is a result of vastly different contactor volumes and the high interfacial 

area of the sheet.  In Equation 5.7, the effective contactor volume varies with r3 so 

Equation 5.8 is normalizing the mass transfer by a volume that changes dramatically 

as distance from the nozzle is increased.  In addition, much of the additional volume 
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does not contain spray, since the droplets are not well distributed over the contactor 

volume.   

Close to the nozzle, high interfacial area in the sheet, normalized by the small 

contactor volume, contributes to extremely high values of kLa.  Far from the nozzle, 

the droplets contribute little additional area, but since the contactor volume increases 

with r3, the kLa decreases rapidly.  On the other hand, the liquid flow rate is constant, 

regardless of the effective contactor volume.  For these reasons, normalizing the mass 

transfer by the liquid flow rate is preferred instead of normalizing by the contactor 

volume, and expressing spray mass transfer in terms of NL is better than using kLa. 

5.3.2.  Comparison with Levich-Davies theory 
The magnitude of the sheet NL is much higher than the laminar sheet model 

would predict.  Although the critical Reynolds number for transition from laminar to 

turbulent flow in a sheet is unclear, the high mass transfer rates suggest that 

turbulence is enhancing the mass transfer in the sheet.  Instead of using purely 

empirical effective diffusion coefficients as other researchers have done, the Levich-

Davies model was applied.  This model has the advantage of being at least somewhat 

predictive, so that separate empirical constants (effective diffusion coefficients, 

penetration times, surface renewal rates, etc.) do not have to be assumed for each set 

of operating conditions. 

The NL data for the 1/8-A-SS-5 nozzle are compared with model predictions 

in Figure 5.10.  The lines represent model predictions, which were calculated with an 

empirical factor (α) of 3.0 included in the Levich-Davies model for the sheet kL (see 

Equation 3.8 and Section 3.2.3.1).  The area and contact time of the sheet were 

calculated using the empirical sheet breakup lengths in Equations 3.29 and 3.30.  At 

sheet breakup, the droplets were assumed to form immediately, i.e. the ligaments and 

secondary breakup were neglected.  The kL of the droplets was initially equal to the 

sheet kL and decayed exponentially to the steady state value for oscillating droplets 

according to Equation 3.38.  The trajectory and thus the contact time of the droplets 

107 



 

were calculated by a drag calculation, in which the differential equations were solved 

using a Runge-Kutta numerical integration. 
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Figure 5.10. Comparison of spray mass transfer with Levich-Davies calculation  

(Nozzle: 1/8-A-SS-5) 

Initially, the Levich-Davies model for turbulent mass transfer underpredicted 

the mass transfer in the sheet.  Since other experimental investigations of this model 

(Davies and Hameed, 1971; Srinivasan and Aiken, 1988) also demonstrated 

uncertainty in the coefficient of the expression, the empirical factor α was introduced 

to match the model predictions to the experimental data.  With an α of 3.0, the 

calculated NL values match the data for the laboratory nozzles fairly well and show 

practically no dependence on pressure drop. 

In the sheet, the higher pressure drop results in shorter breakup lengths and 

therefore less area and contact time.  However, the mass transfer coefficient predicted 

by the Levich-Davies model increases, and the overall effect is that the mass transfer 

in the sheet is essentially independent of nozzle pressure.  In the droplets, the higher 
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pressure results in smaller droplets, which have more area per unit volume.  Since the 

kL for an oscillating droplet increases with decreasing droplet size, the droplet kL 

increases with pressure as well.  However, the higher nozzle pressures result in higher 

initial velocities for the droplets.  According to the drag calculation, the droplets did 

not have enough time to decelerate to their terminal velocities.  Thus, the higher 

droplet velocities reduce the contact time and offset the increase in kLaL. 

Results for all of the nozzles at 10 psi are compared with model predictions in 

Figure 5.11.  Again, the lines represent model predictions for the laboratory nozzles, 

and the distance from the nozzle is normalized by the nozzle orifice diameter.  The 

order of magnitude of the model predictions match the experimental data, but the 

model tends to overestimate the effect of nozzle size.  The data for the ⅛-A-SS-2 

nozzle is unusual, as discussed in Section 5.2.4.  The data for the other laboratory 

nozzles appear to have the same dependence on normalized distance, but the model 

predicts significantly less mass transfer as the nozzle size increases from the ⅛-A-SS-

5 to the ⅜-A-SS-20 nozzle, particularly in the sheet. 
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Figure 5.11. Comparison of spray mass transfer with Levich-Davies calculation 

(∆P = 10 psi) 

The model does not predict the effect of nozzle size on the sheet mass transfer 

well.  As the nozzle size is increased from the ⅛-A-SS-5 to the ⅜-A-SS-20, the NL 

data for the sheet do not change significantly.  Even the data for the 3CF-SILCNB-

120 nozzle shows only a slightly lower sheet NL.  The model, on the other hand, 

predicts that the sheet mass transfer decreases significantly for the laboratory nozzles.  

Therefore, the Levich-Davies model is not a good method for predicting the mass 

transfer coefficient in the sheet. 

Since the droplets do not have sufficient time to decelerate, their contact time 

is very short.  As a result, the mass transfer coefficients of the droplets do not decay 

very much due to viscous damping, and no curvature can be observed in the NL data 

as a function of distance.  In Figure 5.11, the curves for the model predictions have 

slightly higher slopes than the data, except for the ⅛-A-SS-2 nozzle.  Thus, it may not 

be reasonable to assume that the initial kL of the droplet is equal to the kL of the sheet. 
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5.3.3.  Semi-empirical model 
In light of the weaknesses in the previous model formulation, a semi-empirical 

model was developed.  The area and contact time for the sheet and the droplets were 

calculated as described in Chapter 3.  The kL of the sheet was correlated empirically, 

and the kL of the droplets was calculated semi-empirically. 

5.3.3.1.  Sheet kL model 
The mass transfer coefficient of the sheet was regressed as a power law, 

similar in form to the Levich-Davies model and others in the literature described in 

Chapter 3.  Therefore, the mass transfer coefficient of the sheet is assumed to be of 

the form 
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The kL, in dimensionless form as the Sherwood number, was expressed as a 

function of the Reynolds number, the Weber number, and the Schmidt number.  

Although the Schmidt number dependence was not tested, a square-root dependence 

was assumed, as suggested by the vast majority of mass transfer models and data in 

the literature.  The diffusion coefficient for CO2 in water was calculated by the 

correlation of Versteeg and van Swaaij (1988): 

 [ ] [ ]( KT2122exp0240.0scmD 2
CO2

−= )  (5.11) 

Since some of the experimental data points were in the sheet, a term was also 

included for the position in the sheet.  For the rest of the data taken in the droplet 

region, the contribution of the sheet kL to the total spray NL was included by setting 

the sheet length equal to Lb. 

5.3.3.2.  Droplet kL model 
As mentioned previously, the contact time of the droplets was so short in the 

spray experiments that the effects of deceleration and viscous damping could not be 
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observed.  Since the calculated droplet velocity did not change much, it is assumed 

constant to simplify the calculation.  The data indicate that NL increases effectively 

linearly with distance in the droplet region.  The slope of NL vs. distance is consistent 

with the steady oscillating droplet model for kL.  In order to test the sensitivity of the 

model to the droplet kL, a semi-empirical expression for the droplet NL was used. 
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The parameter C4 was varied to match the experimental data and test how 

well the oscillation model described the droplet mass transfer.  For experimental data 

with single droplets, Altwicker and Lindhjem (1988) found that the accuracy of the 

Angelo et al. (1966) oscillation model was improved if ε is set at zero and an 

oscillation time twice that of Lamb (1945) is used.  Based on the work of and Hsu and 

Shih (1993), the oscillation model is expected to predict droplet kL well if C4 in 

Equation 5.7 is equal to 0.78 ± 0.21. 

5.3.3.3.  Regression results 
The regression was performed on the data for the ⅛-A-SS-5 through 3CF-

SILCNB-120 nozzles.  The sum of the squared residuals between the data and the 

predicted NL values was minimized using the Solver function in Microsoft Excel.  

The regressed parameters are given below in Table 5.10, with results of a sensitivity 

analysis.  The column labeled sensitivity is the effect of a 10% increase in the 

parameter on the residual sum of squares.  The columns labeled “confidence interval” 

are another way of expressing the sensitivity of the model to each parameter.  These 

numbers are the change in each parameter necessary to increase the residual sum of 

squares by 100%.  
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Table 5.10. Regressed parameters and sensitivity for semi-empirical model 

Parameter* Regressed value Sensitivity Confidence Interval 
C0 1.64x10-4 25% -19.9% 19.9% 
C1  0.81 2745% -3.1% 2.6% 
C2  0.84 1578% -3.9% 3.1% 
C3 -0.99 1.65% -135% 60% 
C4  0.36 3.72% -52% 52% 

* As defined by Equations 5.10 and 5.11 
 

C1 and C2 are the most sensitive parameters in the regression, as can be seen 

by the high sensitivities and narrow confidence intervals.  As shown in Equation 5.10, 

C1 represents the Reo dependence and C2 the Weo dependence.  The dependence of 

Sh on Reo does not match any of the mass transfer models discussed in Chapter 3, but 

the value of C1 does fall within the range covered by those models (0.5 to 1.5).  The 

exponent on Weo is higher than expected since only the Levich-Davies model 

included a Weber number dependence and that was only 0.5. 

The regression is least sensitive to parameters C3 and C4, which represent 

variation of the sheet kL with distance and the correction for the droplet kL, 

respectively.  The uncertainty in C3 was large partly because relatively few data 

points were taken in the sheet.  The uncertainty in C4 was high because the slope of 

NL with distance was low and scatter in the data limited the precision with which the 

slope could be estimated.  However, it is interesting to note that the value of C4 is 

0.36, lower than the expected value based on single droplet studies.  Data in the 

literature support a semi-empirical value of 0.78 ± 0.21, which lies just outside of the 

confidence interval estimated for C4.  Thus, the mass transfer coefficients in the spray 

droplets appear to be less than they would be for single droplets.   

The predictions of the semi-empirical model are compared with experimental 

NL values in Figure 5.12.  Data at 10 psi pressure drop are included for all of the 

nozzles.  The semi-empirical model fits the data much better than the model based on 

the Levich-Davies theory and about as well as the empirical power law regression in 

Section 5.2.1.  If all of the experimental data (except for the ⅛-A-SS-2 nozzle) is 
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compared with the predictions of the semi-empirical model, an R2 value of 0.74 is 

obtained.  The empirical correlation (Table 5.5) has a corresponding R2 of 0.72.  As 

before, the data for the ⅛-A-SS-2 nozzle does not follow the same trend as the rest of 

the data, and extrapolating the semi-empirical model to conditions for the smallest 

nozzle does not match the experimental data well.  However, a comparison of Figure 

5.7 and Figure 5.12 reveals that the extrapolation of the semi-empirical model is 

slightly better than the empirical correlation at describing the higher NL for the ⅛-A-

SS-2 nozzle.   
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Figure 5.12. Semi-empirical model results (∆P = 10 psi) 

The NL of the sheet decreases with increasing nozzle size because the sheet 

thickness is much greater and the area per unit volume is much less.  The calculated 

aL of the sheet decreases from about 150 cm-1 for the ⅜-A-SS-20 nozzle to about 5 

cm-1 for the 3CF-SILCNB-120 nozzle.  However, the sheet NL does not decrease as 

dramatically.  The contact time of the sheet increases slightly since the sheet length is 

greater for the larger nozzles but not enough to offset the decrease in area.  The 
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relatively weak effect on NL despite the wide range of aL indicates that the sheet mass 

transfer coefficient is much higher for the large nozzle.  Experimental kL,s values were 

calculated from the data as follows 
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In Figure 5.13, the semi-empirical model predictions for the sheet kL are 

graphed versus values calculated from the data.   
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Figure 5.13. Parity plot of sheet mass transfer coefficients  
(Predicted - Equation 5.10, calculated - data and Equation 5.12) 

The semi-empirical model predictions for kL,s ranged from 0.15 to 1.2 cm/s for 

the laboratory nozzles and from 1.2 to 6.4 cm/s for the 3CF-SILCNB-120 nozzle.  As 

mentioned previously, the sheet NL does not change much over the range of nozzle 

pressures or the wide range of nozzle sizes.  Since increasing pressure decreases the 

115 



 

sheet length and therefore both the sheet area and contact time, the slightly higher 

sheet NL implies that kL,s must increase a great deal with pressure. 

5.3.3.4.  Model interpretation 
The effects of the different operating parameters on the predicted values for kL 

are shown in Figure 5.14.  Model predictions are given for the smallest and largest 

nozzles used in the regression (⅛-A-SS-5 and 3CF-SILCNB-120, respectively) and 

for nozzle pressures of 5 and 20 psi.  When the predicted kL values are graphed as a 

function of distance, the vast difference between the mass transfer coefficients for the 

sheet and droplet regions is apparent.  Within the sheet, the model predicts that the 

average kL of the sheet decreases with distance.  Since relatively few measurements 

were taken in the sheet, the rate of this decrease is subject to significant uncertainty.  

After the sheet breaks into droplets, the kL values are about an order of magnitude 

lower and remain constant as a function of distance.   
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Figure 5.14. Model predictions of sheet and droplet kL as a function of distance 

(calculations based on physical properties at 22°C) 
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The predicted mass transfer coefficients for the sheet increase dramatically as 

the nozzle size and operating pressure are increased.  The sheet for the 3CF-SILCNB-

120 nozzle has kL values 5.9 times higher than the kL values for the ⅛-A-SS-5 nozzle.  

Similarly, the predicted kL values at a nozzle pressure of 20 psi are 5.4 times higher 

than the predictions at 5 psi.   

The operating parameters have a different effect on the kL of the droplets.  The 

nozzle pressure has a weaker effect on the droplet size and the droplet kL.  At 20 psi, 

the predicted kL for the droplets is only 14% higher than at 5 psi.  As the nozzle size 

is increased, the droplet size increases and the predicted kL of the droplets decreases 

by 57%.  As a result, the mass transfer coefficients of the sheets and the droplets 

diverge as the nozzle size is increased.  For small nozzles, the kL values of the sheet 

and droplets approach each other, but for large nozzles, the kL of the sheet is orders of 

magnitude higher than that of the droplets. 

The model predictions for the droplet mass transfer coefficients are compared 

with literature values in Figure 5.15.  The solid line represents the model of Angelo et 

al. (1966) with α = 0.  The semi-empirical droplet model of Hsu and Shih included a 

factor of 0.78 ± 0.21 to match the literature data.  The results of the current work for 

sprays indicated a semi-empirical factor (C4) of 0.36.  As seen in Figure 5.15, this 

work predicts droplet kL values consistently lower than the literature data for single 

droplets.  Perhaps the presence of other droplets affects the flow of gas around 

individual droplets and thus affects the wake shedding phenomena, which are thought 

to drive the droplet oscillations. 
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The contributions of the mass transfer coefficient and interfacial area to the 

total NL are illustrated in Figure 5.16 for the ¼-A-SS-10 nozzle at 5 psi pressure drop.  

Predicted values for the area per unit liquid volume, the mass transfer coefficient, and 

the product (kLaL) are graphed as a function of distance.  The resulting predictions for 

NL are also compared with the experimental data.  The calculated area of the sheet is 

a strong function of distance and increases to 330 cm-1 at the point of sheet breakup.  

To match the experimental NL data, the regressed values for sheet kL decrease sharply 

with distance. 
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Figure 5.16. Comparison of kL, area, and NL predictions with experimental data 

(Nozzle: ¼-A-SS-10, ∆P = 5 psi, correlated Lb = 5.03 cm) 

After the sheet breaks into droplets at a distance of about 5 cm, the model 

assumes constant kL and area for the spray droplets.  Since both kL and area of the 

droplets are much lower than in the sheet, the kLaL and the slope of the NL curve are 

lower as well.  Although the values for kL and area were calculated and not verified 

experimentally, the predicted values for NL are in close agreement with the 

experimental data points.     

5.4.  SUMMARY  
The measured NL values for sprays were significantly less than other reported 

data that did not separate the spray NL from spray impact and sample collection 

effects.  The spray contributes only 0.5 – 1.0 to the 1 – 3 transfer units expected for a 

spray column.  A real spray contactor must benefit from other mass transfer 
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phenomena in order to account for the data in the literature, and these effects would 

be expected to be similar in magnitude to the spray NL. 

In the spray, NL increased with distance, but the highest mass transfer rates 

occurred near the nozzles.  Even before droplet formation, mass transfer in the sheet 

provided 40% of the total NL of the spray.  Mass transfer rates in the spray droplets 

were much lower, and NL increased approximately linearly with distance from the 

point of sheet breakup to a spray distance of 70 orifice diameters.   

A semi-empirical model was developed to describe the spray NL data.  This 

model predicts very high aL in the sheet and models kL for the sheet with a turbulent 

mass transfer correlation and kL for the droplets with an oscillation model.  Even with 

the high calculated area, high values for kL,s are required to achieve measurable NL in 

the sheet.  Correlated kL,s values for the laboratory nozzles are 0.1 to 1.0 cm/s.  

Although aL decreases by as much as two orders of magnitude between the laboratory 

and pilot scale nozzles, the NL decreases only slightly, indicating that kL,s for the pilot 

scale nozzle is even higher. 
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Chapter 6:  Mass transfer during spray impact 
 

In a real spray tower, other opportunities for mass transfer exist besides the 

spray region.  As a result, measurements of the mass transfer in a spray were 

significantly lower than expected values for the mass transfer in a spray column.  The 

spray NL includes mass transfer during droplet formation and droplet motion through 

the continuous phase.  However, the spray NL does not include interaction of the 

spray with other parts of a real spray contactor, e.g. wall effects or interference with 

adjacent sprays.   

Previous researchers neglected mass transfer on the walls for various reasons 

– inability to separate spray from liquid running down the walls, area on the wall 

estimated to be much less than area of the droplets, etc.  However, the impact event 

could provide significant mass transfer by increasing kL through turbulent surface 

renewal.  The interfacial area at the point of impact could also be increased if droplets 

shatter into smaller droplets or if gas is entrained with the droplets into an 

accumulated liquid layer.  In addition, the effect of spray impact is expected to be 

independent of the nozzle type – whether hollow cone or full cone.  Whatever the 

spray pattern, when the droplets impact surfaces at high velocity, significant mass 

transfer could occur.   

The NL data obtained during the sampler development indicate that spray 

impact could be as important as the mass transfer in the spray is.  In a real contactor, 

spray is expected to encounter other spray, solid surfaces, and/or liquid pools.  Mass 

transfer measurements for these types of spray impact were performed in the 

laboratory and are discussed in this chapter.   

6.1.  IMPACT INTO LIQUID 
When high velocity spray droplets strike a liquid surface, several physical 

processes may contribute to additional mass transfer.  The impact generates surface 

motion in the liquid, and this results in a higher mass transfer coefficient than might 
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be expected for a stagnant pool of liquid.  Splashing and mixing at the surface of 

these liquids also increase mass transfer.  In addition, as the droplets penetrate the 

liquid surface, they entrain gas into the liquid and provide additional gas-liquid 

contact area.  As the entrained gas bubbles back to the surface, the liquid is circulated 

and a frothy mixture may result.  Similar processes are used to model emissions from 

wastewater treatment units and sewer drop structures (Corsi and Olson, 1998). 

6.1.1.  Experimental methods 
Experiments were conducted with the ¼-A-SS-10 nozzle to measure the 

significance of mass transfer during spray impact into pools of liquid.  Spray was 

collected in a simple sampler with no packing or quench solution (Figure 6.1).  

Similar to the other samplers described in Chapter 4, the pool sampler consists of an 

acrylic tube with inner diameter of ¾” and 4” in length.  Liquid is withdrawn 

continuously and the spray flow rate was measured using a peristaltic pump.  Since 

the ratio of the sample flow rate to the spray flow rate did not affect the sampler 

development (see Section 4.5.2), the liquid level was maintained at the top of the 

sampler and about 5% of the liquid was allowed to overflow.   

Peristaltic 
pump 
drive 

Sample 

Recycle 
to tank 

 
Figure 6.1. Sampler for spray impact into liquid 
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The mass transfer during impact was expected to vary with the velocity of 

spray striking the liquid surface and with the flow rate of spray.  The operating 

pressure of the nozzle was varied to study the effect of spray velocity, and the spray 

distance was varied to measure the effect of spray flux on the mass transfer.  The NL 

measured using the pool sampler was compared with the spray NL obtained with the 

quench sampler.  Since the quench sampler did not contribute additional mass 

transfer, the difference between these measurements is the mass transfer in the pool 

sampler. 

The mass transfer in the pool sampler should be representative of spray impact 

in pools of accumulated liquid.  In a spray column, this type of mass transfer might be 

expected in the bottom of the absorber, where liquid is collected.  In a wet FGD 

scrubber, this would occur on the surface of the liquid in the reaction tank.  These 

experiments can also represent the mass transfer with spray impact onto a tray. 

6.1.2.  Results 
The mass transfer data for the pool mass transfer experiments are compared 

with data for the spray NL in Figure 6.2.  The solid data points were measured with 

the pool sampler.  Therefore, these values include both the mass transfer of the spray 

and the mass transfer in the liquid pool of the sampler.  The hollow data points 

represent data collected using the quench sampler, and the associated lines represent 

the predicted values according to the empirical correlation (Table 5.5). 
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Figure 6.2. Comparison of pool sampler and quench sampler results 

(Solid points – pool sampler, hollow points – quench sampler) 

Under all the experimental conditions, the NL measured with the pool sampler 

was markedly higher than the spray NL, measured with the quench sampler.  In many 

cases, the NL was twice as high as the spray NL.  The mass transfer also increased 

faster with distance than the spray NL correlation does.  Since the velocity of spray 

droplets did not change much over the short spray distances, the pool mass transfer 

increases as the spray flux decreases.  The effect of operating pressure on the 

observed NL is also more significant than it was for the spray NL measurements.  

Therefore, the data also indicate that the pool mass transfer increases with higher 

nozzle pressure or spray velocity. 

6.1.3.  Analysis 
The pool mass transfer was calculated as the difference between the NL values 

measured with the pool sampler and the predictions of the spray NL correlation.  The 
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results for the pool NL are graphed in Figure 6.3.  The values for the pool NL range 

from 0.3 to 0.8 transfer units.  Since the spray NL values at the same conditions were 

between 0.25 and 0.75, the mass transfer in the liquid of the sampler must be 

comparable to the mass transfer in the spray.  This somewhat surprising result 

highlights the importance of reliable sample collection in determining mass transfer 

in sprays.  In addition, these results also suggest that more efficient contactor designs 

may be able to take advantage of NL during spray impact. 
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Figure 6.3. Pool mass transfer  

(Nozzle: ¼-A-SS-10, model curves from Equation 6.1) 

The pool NL was correlated with the spray velocity and the spray flux.  The 

pool mass transfer had a strong dependence on the velocity with which spray struck 

the liquid surface.  As the distance from the nozzle was increased from 5 to 20 cm, 

the flux decreased dramatically from 3.0 to 0.07 cm/s, and the pool NL increased.  

Although the exponent of the flux is small, the flux varies over a wide range so the 

pool NL changes significantly over the relatively small range of spray distance. 
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The pool NL correlation can also be expressed in terms of the velocity and the 

liquid fraction, like the overflow sampler correlation (Equation 4.5). 

  (6.1) ( ) 2.05.0
o
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Given the uncertainty in the correlations, Equations 4.5 and 6.1 are very 

similar.  Thus, the mass transfer in the pool sampler and the overflow sampler are 

equivalent, and these results may be applied to spray impact onto wetted or flooded 

packing as well.  The impact of the spray onto packing and the liquid on top of the 

packing can provide substantial liquid phase mass transfer.  Since the volume 

associated with this process is quite small, the mass transfer during spray impact is 

very effective in terms of required contactor volume. 

6.2.  INTERSECTING SPRAYS 
In spray columns with more than one nozzle, the sprays may interact with 

each other, and the liquid from one spray can intercept droplets from adjacent spray 

nozzles.  When these droplets collide, they may coalesce and transfer some of their 

translational kinetic energy into internal circulation.  After coalescence, the droplets 

may also break up again into two or more droplets.  Any or all of these phenomena 

may affect the mass transfer in the spray. 

6.2.1.  Experimental methods 
Two ⅛-A-SS-5 nozzles were used in the laboratory to attempt to measure the 

significance of spray interception for mass transfer.  The nozzles were installed 6.7 

cm apart, and the horizontal coordinate x was defined relative to the midpoint 

between the nozzles as shown in Figure 6.4.  The spray from the two nozzles 

intersected at x = 0 and approximately 5.1 cm below the nozzles.  For reference, the 

breakup lengths for the ⅛-A-SS-5 nozzles were 3 to 4 cm at 5 to 20 psi.  Thus, at the 

point of intersection, the liquid was in the form of droplets and not sheets. 
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Figure 6.4. Intersecting sprays experimental setup 
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Figure 6.5. Top view of nozzles for intersecting sprays experiment 

Before taking mass transfer measurements, the spray distribution was 

determined by measuring the flow rate through the sampler at various positions inside 

and outside of the interception zone.  The flux profile gives some indication of 

whether droplet collisions are significant or not.  If the flux profile resembles two 

overlapping hollow cone spray patterns, then the sprays are most likely passing 
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through one another without much droplet collision.  In this case, interaction between 

the sprays is expected to be minimal.  Significant departures from such a flux profile, 

such as nearly uniform spray flux in the interception zone, would suggest that droplet 

collisions are important. 

The probability of droplet collisions depends in part on the spray flux or the 

liquid fraction at the point where the sprays cross.  Droplets would be more likely to 

collide with other droplets in a dense spray than in a disperse one.  The spray flux was 

measured at the intersection point (x = 0, y = 5.1 cm) for nozzle pressures of 5, 10 

and 20 psi.  The flux at the intersection was 1.5 cm/s at 5 and 10 psi.  At 20 psi, the 

spray flux was 1.9 cm/s. 

The flux where the sprays intersect is a function of the nozzle size, operating 

pressure, and nozzle spacing.  Experiments were conducted with ⅛-A-SS-5 nozzles 

because the laboratory apparatus could deliver flow to two of these nozzles at 20 psi.  

Larger nozzles were not used in this experiment because the maximum nozzle 

pressure would have been limited to 10 psi or less.  The piping system was 

constructed to obtain the minimum nozzle spacing using the ½” PVC fittings 

available. 

Flux profiles 10.2 cm below the ⅛-A-SS-5 nozzles are given in Figure 6.6.  At 

a nozzle pressure of 5 psi, the peaks in the flux profile are very narrow.  As the nozzle 

pressure is increased to 10 psi, the maximum spray fluxes are about the same, but the 

peaks become broader.  At 20 psi, the peak spray fluxes are slightly higher and the 

distribution is about the same as at 10 psi.   
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Figure 6.6. Spray flux profile in intersecting sprays experiment  
(10.2 cm below nozzles) 

In the center region (|x| < 7 cm), where spray interception might be expected, 

the peak spray fluxes are consistently lower than the outer positions, where the sprays 

should be unaffected by each other.  In addition, at 10 and 20 psi, the peaks in the 

flux profile for the interception region seem broader than the outer peaks.  However, 

the spray flux is still zero at x = 0.  The flux profile indicates that some interaction is 

occurring but not much. 

6.2.2.  Results 
Samples of the spray were collected 10.2 cm below the nozzles at various 

horizontal positions.  The measured NL values at these positions are shown in Figure 

6.7.  The data at x ≈ ±7 cm represent spray at the maximum flux within the 

interception region.  The other data points (x ≈ ±12 cm) refer to samples collected 

outside of the interception region.  The horizontal lines in the graph show the 

predicted spray NL values for the ⅛-A-SS-5 nozzle at this spray distance. 
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Figure 6.7. Effect of spray interaction on mass transfer 

Since the spray at x ≈ ±12 cm was outside of the interception region, these 

data points should have agreed with the spray NL correlation.  The data inside of the 

interception region have slightly higher NL values on average.  However, significant 

scatter exists in the experimental data.  To estimate the effect of the spray interaction, 

the measured NL values at x ≈ ±12 cm were averaged and subtracted from the values 

at x ≈ ±7 cm.  These differences were attributed to the interaction between the two 

sprays in the interception region (Figure 6.8).   
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Figure 6.8. Intersecting sprays mass transfer 

In Figure 6.8, the data labeled Nozzle 1 refer to samples collected at x ≈ +7 

cm (spray from the first nozzle, positioned at x = –3.4 cm), and the Nozzle 2 data 

were calculated from the data at x ≈ –7 cm.  The error bars show one standard 

deviation around the average value.  The effect of spray interception does not appear 

to be very significant, and its measurement is subject to relatively large error.  The 

difference between the intercepted spray NL and the un-intercepted spray NL was at 

most 0.15 ± 0.08. 

6.2.3.  Comparison with real scrubber conditions 
The conditions where spray patterns intersect in a real spray column may be 

different from those in the model system of the laboratory intersecting spray 

experiment.  The major differences between the large scale and the laboratory 

systems are the droplet sizes and the liquid flow rates.  The liquid flux at the 

intersection point is considered for comparison. 
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In the laboratory experiments, the liquid flux at same spray distance as the 

intersection point was measured to be approximately 1.0 cm/s at 10 psi nozzle 

pressure.  In the pilot scale experiments, liquid fluxes were observed from 2.4 cm/s at 

spray distance of 0.74 m to 0.2 cm/s at 1.8 m.  These fluxes were correlated with the 

distance and nozzle pressure as follows. 

 ( ) 8.146.0 rP53.0scmflux −=  (6.2) 

If 120° spray nozzles are placed two feet apart in a large-scale scrubber, the 

sprays are expected to cross at spray distance of 0.35 m.  If Equation 6.2 is 

extrapolated to 0.35 m, the expected flux at 10 psi is 10 cm/s.  Since the expected flux 

with the 3-inch nozzle in a large-scale scrubber is so much higher, a great deal more 

spray interaction could occur.   

Although the laboratory measurements of interception mass transfer were only 

about 0.1 transfer units, the results may not be directly applied to large scale systems 

because of the disparity in spray flux at the interception point.   

6.3.  WALL EFFECTS 
Wall effects, or more generally spray impact on solid surfaces, are expected to 

be common in spray columns, but the magnitude of mass transfer during these events 

is unknown.  Many opportunities exist for spray to hit solid surfaces such as the 

column walls, spray nozzles, piping for adjacent spray headers, other types of column 

internals, etc.  When spray strikes these surfaces, the droplets may shatter and 

generate additional mass transfer area.  Most likely, the liquid also forms thin films 

on the solid surfaces, and impact events agitate the liquid film and provide higher 

mass transfer coefficients.   

6.3.1.  Experimental methods 
As a model system for spray impact on solid surfaces, an experiment to 

measure mass transfer wall effects was designed (Figure 6.9).  A flat, stainless steel 

plate was suspended vertically from the sample arm.  The metal plate was positioned 
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so that most of the spray hitting the plate would run down the wall instead of 

deflecting off the surface.  The quench sampler was centered at the bottom edge of 

the plate to catch the liquid running down the wall without contributing additional 

mass transfer. 
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Figure 6.9. Wall effect experimental setup (a) side view (b) top view 

The plate was 10.2 cm wide and 25.4 cm in height.  For each spray distance, 

the plate was positioned so that the bulk of the spray hit the plate approximately 7.6 

cm from the top.  Thus, the length of the wetted wall section has held constant at 17.8 

cm. 

As with the pool mass transfer experiments, the ¼-A-10 nozzle was used and 

the mass transfer including the spray impact effect was measured at various distances 

and nozzle pressures.  The observed NL was compared with the predicted values of 

the empirical spray correlation to determine the contribution of the spray impact mass 

transfer.  However, the wall effect experiments require another correction for the 

mass transfer to the wetted wall section. 

The sample flow rate was measured using the quench sampler so the flow per 

unit width (Q/w) and the Reynolds number of the wetted wall could be calculated. 
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The values of Rew in the experiments were between 100 and 500.  These 

values for Rew and the unsteady nature of the spray impact suggest that the wetted 

wall is in a rippling flow regime (Fair et al., 1984).  Therefore, mass transfer 

coefficient for the wetted wall was calculated using the model of Vivian and 

Peaceman (1956). 
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The liquid collected in the quench sampler was exposed to an area of wLw, 

where the length of the wetted wall (Lw) was 17.8 cm and the width (w) was the 

diameter of the sampler or 1.9 cm.  Thus, the interfacial area was 33.9 cm2.  The 

contribution of the wetted wall to the total NL was calculated by 

 
Q
hwk

Q
Ak

N LL
ww,L ==  (6.5) 

Finally, the mass transfer due to spray impact on the wall can be calculated. 

  (6.6) ww,Lspray,Lmeas,Limp,L NNNN −−=

6.3.2.  Results 
The NL measurements in the wall effect experiments are shown in Figure 

6.10.  The predicted spray NL values were subtracted from the observed values to 

obtain the NL due to the wall effects.  The experimental values are shown in the figure 

as solid data points.  The open data points represent NL values predicted using the 

wetted wall model of Vivian and Peaceman (1956).   
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Figure 6.10. Comparison of wall effect with wetted wall model 

The experimental data have much higher NL values than predicted using the 

spray NL correlation.  The mass transfer due to the presence of the “wall” ranged 

from 0.4 transfer units at the higher fluxes (closer to the nozzle) to 0.8 transfer units 

at the lower fluxes.  This wall effect mass transfer was also much greater than 

expected for wetted wall mass transfer, for which the NL was calculated to be about 

0.2.  The additional mass transfer is due to the spray impact on the wall.   

6.3.3.  Interpretation 
The observed mass transfer was interpreted as the sum of the NL due to the 

spray, the impact, and the wetted wall.  The spray NL and the wetted wall NL were 

calculated and subtracted from the measured values to obtain the mass transfer during 

spray impact on the wall (NL,imp).  NL,imp was significant in the laboratory 

experiments, and 0.2 to 0.6 transfer units may be attributed to the spray impact 

(Figure 6.11).  Since the spray mass transfer for the ¼-A-SS-10 nozzle accounted for 
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about 0.5 to 0.7 transfer units, the wall impact may nearly double the NL of the 

contactor over that of the spray itself.   
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Figure 6.11. Wall impact mass transfer (model curves from Equation 6.7) 

NL,imp was also correlated as a function of liquid flux at the point of impact 

and the spray velocity.   

  (6.7) ( ) 5.05.0
oimp,L fluxU0056.0N −=

In Equation 6.7, both Uo and flux have units of cm/s.  Measurements of the 

liquid flux in a previous experiment with the ¼-A-SS-10 nozzle were used to 

correlate the flux with pressure and distance.  The wall impact NL varies with both the 

spray velocity and the flux, approximately to the 0.5 power.  Values for NL,imp are 

graphed in Figure 6.11 as a function of spray flux and nozzle pressure.  The 

predictions of Equation 6.7 are shown as curves in Figure 6.11.   

A comparison of Figure 6.3 and Figure 6.11 shows that the effects of spray 

impact on walls and into liquids were similar in magnitude.  Both types of impact led 
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to NL values of about 0.2 to 0.7.  In addition, the correlations for the impact NL had 

similar dependences on velocity and flux, as shown in Table 6.1.  

Table 6.1. Comparison of pool and wall impact NL correlations 

Coefficient* Pool impact 
(Equation 6.1) 

Wall impact 
(Equation 6.7) 

ln A -5.94 ± 1.38 -5.18 ± 1.11 

B 0.72 ± 0.19 0.55 ± 0.15 

C -0.17 ± 0.04 -0.47 ± 0.07 

* As defined by  ( )CB
oL fluxAUN =

 
The variation of the impact NL with the spray velocity was about the same for 

the pool and the wall impact correlations.  On the other hand, the flux dependence 

was slightly different for the two types of impact.  The difference may be because the 

pool impact also includes the effects of gas entrainment.  As the flux increases, more 

gas is entrained into the liquid pool and more interfacial area will be available for 

mass transfer.  Thus, the flux dependence is greater for the pool impact than for the 

wall impact.  However, the negative exponent on flux for the pool NL indicates that 

the higher mass transfer rates are still not enough to offset the increased liquid flow 

rate.   

6.4.  APPLICATION TO PUBLISHED DATA 
Previous researchers have reported data for mass transfer in spray columns, 

but they neglected wall effects and the mass transfer during spray impact.  The 

literature data are summarized in Section 2.3.  In each experiment, the NL of the spray 

column was measured, and all of the mass transfer was assumed to be occurring in the 

spray.  In fact, much of the mass transfer observed in these systems was probably due 

to spray impact on the column walls or pools of liquid. 

Pigford and Pyle (1951) performed experiments with full cone spray nozzles 

and separated the liquid flowing down the walls from the spray collected in the 
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middle of the bottom of the column.  The reported NL values were calculated from the 

spray samples.  However, it is unclear whether liquid was allowed to accumulate in 

the collection basin at the bottom of the column.  If a significant liquid level existed 

there, then the mass transfer during impact into that liquid would resemble mass 

transfer discussed in Section 6.1.  If liquid did not accumulate in the basin, then the 

mass transfer would be more like that described in Section 6.3.   

With the column dimensions, nozzle pressures, and liquid flow rates reported 

by Pigford and Pyle, the NL for spray impact can be calculated.  The velocity of spray 

is calculated from the nozzle pressure by Equation 3.22.  The spray flux can be 

estimated if the liquid is assumed well distributed in the full cone spray pattern, 

which had a spray angle reported as approximately 60°.  Then the NL may be 

calculated for spray impact into a pool by Equation 6.1 and for spray impact onto a 

solid surface by Equation 6.7.  The predicted NL values for spray impact are 

compared with the reported data in Table 6.2. 

Table 6.2. Comparison of published data with predicted NL for spray impact 

Impact NL at collection 
 ∆P 

(psi) 
Reported 
NL values Pool1 No pool2 

NL for wall 
impact2 

  3 1.8* 0.5 1.1  Pigford and 
Pyle, 1951 30 3.4* 1.1 1.5  

  4 0.9 0.6 1.4 0.9 Mehta and 
Sharma, 1970 16 1.6 0.9 1.4 0.9 

1Calculated from Equation 6.1 
2Calculated from Equation 6.7 
*Average of reported values with 6 spray nozzles and z = 1.32 m  
 

The predicted NL for spray impact is a significant fraction of the total NL for 

the spray contactor.  If a liquid level was present in the bottom of the column, then a 

comparison of the pool NL with the reported values shows that spray impact may 

represent 30% of the total mass transfer.  If the bottom of the column did not contain 
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accumulated liquid, then the spray impact may contribute 60% of the total at a nozzle 

pressure of 3 psi and 44% at 30 psi. 

Mehta and Sharma (1970) did not separate the wall flow from the spray.  

Although full cone nozzles were used, the tall (1.23 m) and relatively narrow (0.21 

m) column meant that most of the spray was probably impacting and flowing down 

the walls.  Assuming a spray angle of 60° and a good distribution over the full cone 

spray pattern, the velocity and flux can be calculated as described above.  The NL is 

calculated from Equation 6.1 and/or Equation 6.7 for impact at the bottom of the 

column.   

However, since most of the spray was hitting the walls, the NL for wall impact 

may be more relevant.  Since the velocity was assumed constant, it is the same as in 

the previous calculations.  For an estimate of the average flux, the wall flow rate was 

calculated assuming a 60° spray angle and no splashing of liquid from the wall back 

into the spray.  The flux was then calculated by dividing the wall flow by the wall 

area.  Thus, the estimated NL values for wall impact were 0.9 transfer units.  At a 

nozzle pressure of 4 psi, the NL of the column could be entirely due to wall effects.  

Even at a nozzle pressure of 16 psi, the estimated NL for wall impact is 56% of the 

overall NL. 

Jarvis and Burke (1988) discussed some experiments in which limestone was 

sprayed onto dual flow trays.  The SO2 removal (expressed as ln(yin/yout)) was 

measured with no trays, one tray, and two trays in service.  The removal increased 

only slightly as more trays were added.  Jarvis and Burke explained the difference in 

performance for the two trays using chemistry and limestone grind considerations.  

However, the higher mass transfer on the first tray could also have been the result of 

spray impact onto the tray.  The liquid falling from the first tray to the second would 

have had relatively little energy, and the effect of spray impact would have been 

much less for the second tray. 
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Most of the papers discussed in Section 2.3 did not report enough information 

to estimate the NL for spray impact effects.  For example, the flux could not be 

calculated for the experiments with a hollow cone spray nozzle (Simpson and Lynn, 

1977) or a flat spray nozzle (Lin et al., 1977).  However, Lin et al. did note that the 

column diameter was large enough so that spray would not contact it before reaching 

the bottom of the column.  In addition, liquid was not allowed to accumulate in the 

bottom of the column.  Thus, wall effects should be negligible and Equation 6.7 

should be appropriate to describe the impact NL at the bottom of the column.  Their 

correlation (Equation 2.8) implies that the NL varies with U0.4 and linearly with z.  

Although the flux cannot be calculated, it is expected to vary approximately with z-2.  

According to Equation 6.7, the NL for impact has a 0.5 dependence on velocity and a 

–0.5 dependence on flux, both of which are very close to the exponents derived from 

Equation 2.8.  Therefore, most of the published data for mass transfer in sprays may 

be explained using the current results for mass transfer during spray impact. 

6.5.  SUMMARY 
Experiments were conducted to measure the mass transfer during various 

forms of spray impact to determine whether these phenomena are the reason for the 

discrepancy between spray NL measurements and the expected values for a spray 

column.  The impact of spray droplets onto solid and liquid surfaces was found to be 

significant and provided as much NL as the spray region alone.  Although the 

experiments were conducted with hollow cone nozzles, the results for mass transfer 

during spray impact should be applicable to full cones and other types of spray 

nozzles.  Thus, a large fraction of the liquid phase mass transfer in a real spray 

column is expected to occur when the spray droplets strike the walls, piping, or liquid 

surfaces in the contactor. 

The impact NL increased with the spray velocity to the 0.5 to 0.7 power.  The 

higher kinetic energy of the droplets would be expected to increase the impact 

phenomena (droplet breakup, gas entrainment, surface renewal, etc.).  The impact NL 
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had a –0.2 dependence on spray flux for spray impact into liquid pools and a –0.5 

dependence on flux for wall impact.  Since the spray flux is proportional to the flow 

rate if velocity is held constant, the fact that the NL dependence is greater than –1.0 

indicates that the mass transfer is increasing but not as quickly as the flow rate.   

Mass transfer during spray interception of other spray was not demonstrated 

to be significant in the laboratory experiments.  However, the spray flux at the 

intersection point was lower in the laboratory experiments than it would be in a 

commercial spray scrubber.  The higher flux in a large-scale spray column may result 

in more droplet collisions and additional mass transfer.  Future researchers will most 

likely need to measure mass transfer during spray interception with large-scale 

nozzles to accurately reproduce the conditions in a real contactor. 

More efficient contactor designs could take advantage of mass transfer during 

spray impact.  For example, the nozzles could be packed closely together to limit the 

spray droplet region, which has relatively low mass transfer efficiency per unit 

contactor volume.  The spray could then be intercepted with solid targets such as 

baffles, screens, or coarse packing elements.  The impact events require very little 

contactor volume so high NL values may be attainable in spray/impact contactors 

much smaller than current spray column designs.   
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Chapter 7:  Conclusions 
 

The mass transfer during sample collection from high velocity gas-liquid 

streams can be significant.  A quench sampling method was developed, which 

effectively eliminates mass transfer during sample collection.  This new sampling 

method provides more accurate mass transfer measurements so that the mass transfer 

in the spray and during impact on surfaces could be separated.   

7.1.  SPRAY MASS TRANSFER AS A FUNCTION OF DISTANCE 
Most of the mass transfer in the spray occurs in the sheet as the liquid exits the 

spray nozzle.  The centrifugal hollow cone nozzles provided 0.4 liquid transfer units 

within 10 orifice diameters from the nozzle.  Once the mass transfer in the spray was 

isolated, much of the spray NL was found to occur in the liquid sheet emanating from 

the spray nozzle, even before the sheet breaks into droplets.  For the nozzles in this 

study, the NL at the point of sheet breakup was approximately 60% of the total NL 

achieved in the spray.  The high mass transfer rates in the sheet are the result of 

turbulent mass transfer and high interfacial area, which compensate for the extremely 

short contact time of the sheet.  

From 10 to 60 orifice diameters, the NL of the spray increases by only about 

0.25 or 0.005 transfer units per orifice diameter.  The droplets (dV0.5 = 500-1600) 

were expected to be oscillating because of the breakup phenomena and the Reynolds 

number for the flow around the droplet.  The slope of the NL curve was low in the 

droplet region primarily because of the high droplet velocities and thus the short 

contact times.  The mass transfer rate in the droplet region was consistent with an 

oscillating droplet kL but slightly lower than the oscillation kL model would predict. 

7.2.  SPRAY IMPACT 
A great deal of mass transfer occurs during spray impact or sample collection.  

The data obtained during the development of the overflow sampler demonstrated that 

142 



 

sample collection accounted for 0.2 to 0.7 mass transfer units.  In separate 

experiments, mass transfer during spray impact on liquids, walls, and other sprays 

were studied.  The mass transfer that occurred when spray droplets collided with 

walls or liquid pools accounted for 0.2 to 0.8 transfer units as well.  The mass transfer 

during impact increased with increasing spray velocity and decreased with increasing 

liquid flux.  In addition, mass transfer during impact is expected to be significant for 

any high velocity spray, whether a hollow cone, full cone, or any other type of spray 

nozzle is used. 

Thus, mass transfer during spray impact was comparable to the spray NL 

measured with the quench sampler.  Consequently, much of the previous literature for 

spray columns may overestimate the spray NL because of wall effects or sample 

collection issues.  As little as half of the total mass transfer may be due to the spray.  

The remainder of the mass transfer may be occurring at the walls, at spray impact on 

column internals, or at the liquid surface in the bottom of the spray tower.   

The significance of liquid sheets and spray impact for liquid phase mass 

transfer may also lead to innovative gas-liquid contactor designs.  Spray column 

designs can take advantage of the exceptionally high NL per unit contactor volume for 

the sheet and impact phenomena by limiting the amount of contactor volume 

occupied by the droplets.  Impact surfaces could be positioned immediately below the 

spray nozzles so that as soon as the sheet breaks into droplets, the high velocity 

droplets impact the surfaces.  The liquid could be collected and recycled to the 

reaction tank or fed to the next spray header. 

7.3.  NOZZLE PRESSURE DROP 
The nozzle pressure drop has little effect on the number of liquid phase 

transfer units in the spray.  Higher nozzle pressures led to higher velocities in the 

sheet and for the spray droplets.  In the sheet, the mass transfer coefficient increased, 

but the sheet length decreased.  Therefore, both the interfacial area and the contact 

time of the sheet decreased.  In the droplet region, the higher pressure resulted in 
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smaller droplets, which have higher oscillation kL values and area per unit liquid 

volume.  However, the higher velocities led to shorter contact times for the droplets.  

These tradeoffs between kL, a, and t were nearly balanced so that the overall effect of 

nozzle pressure on the spray NL was only weakly positive. 

The major effect of increasing the nozzle pressure is the greater mass transfer 

during spray impact.  The higher velocities caused more violent spray impact, and 

more of this energy likely generated additional surface renewal and/or interfacial 

area.  

7.4.  NOZZLE SIZE 
The NL of the spray decreases approximately with the orifice diameter as the 

nozzle size is increased.  Spray distance was found to scale roughly with the orifice 

diameter over the narrow range of laboratory nozzle sizes.  The pilot scale NL data 

were lower, indicating that the orifice diameter had a slightly stronger effect. 

7.5.  HIGHLY VARIABLE KL 
The kL values vary greatly in the different parts of the spray contactor.  High 

kL values were observed in the sheets emanating from the spray nozzles, and high 

mass transfer rates (kLa) were observed for spray impact on liquid pools and solid 

surfaces.  However, the mass transfer coefficients for the droplets were significantly 

lower.  Because the kL values varied widely, the relative mass transfer resistances of 

the gas and liquid phases are also expected to vary.  Unlike the CO2-air-water system, 

mass transfer in the SO2-air-water system tends to have significant resistances in both 

the gas and liquid phases.  The mass transfer may become gas film controlled when 

the kL is high (in the sheets or at spray impact), and then liquid film controlled in the 

spray droplets.  A single value for the g
o
L kk ratio may not be sufficient to describe 

these systems so the modeling and/or design of spray contactors may require a 

distribution of g
o
L kk ratios. 
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For example, the model of DeVincentis (1998) could be extended based on 

the results of this work.  Each spray level would be divided into at least three pieces: 

the sheet, droplet, and impact regions.  Both the sheet and the impact regions would 

have very high kL compared to the droplet region.  The gas phase mass transfer 

coefficient could be assumed constant, and different values for the ratio of g
o
L kk  

would be used in the simulation of each region.  Alternatively, the g
o
L kk  ratio could 

be held constant, and the Ng value for the spray level would be distributed among the 

sheet, droplet, and impact regions.  Since no data for kg as a function of position in 

the spray scrubber is available, simulations could be performed with either of these 

assumptions, and the results compared.   
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Chapter 8:  Recommendations 

8.1.  GAS PHASE MASS TRANSFER 
The focus of this work was the liquid phase mass transfer in spray contactors.  

For chemical systems other than CO2-air-water, the gas phase mass transfer may be 

significant or dominating.  In the case of SO2-air-water, the mass transfer resistances 

in both the gas and liquid phases may be important.  In traditional analyses, the kg, kL, 

and specific interfacial area of the contactor are assumed constant.  Then, chemical 

reactions may be included to calculate the overall mass transfer rates. 

However, in this work, the liquid phase mass transfer was found to vary 

widely in different parts of the contactor.  Now that the liquid phase mass transfer is 

better understood, the next logical step is to improve the understanding of the gas 

side.  For the SO2 system, the high kL values for the sheet and/or spray impact regions 

may lead to gas phase control of the mass transfer in these parts of the column.  If the 

mass transfer rate is not completely liquid phase controlled in all of the contactor, 

then an accurate calculation of the mass transfer rate would require knowledge of kg 

as a function of position in the spray tower. 

8.2.  GAS DISTRIBUTION 
In a large commercial scrubber, gas distribution can also be an issue.  If the 

mass transfer rates in both the gas and liquid phases are high, the removal of SO2 may 

become limited by the rate at which SO2 is transferred from the bulk gas stream.  This 

gas distribution issue is similar to gas phase mass transfer but occurs over greater 

length scales, such as mixing.  Recent scrubber designs have attempted to reduce 

bypassing of the gas around the spray nozzles or along the walls.  Otherwise, poor gas 

distribution would allow some of the gas to pass through the scrubber without ever 

really contacting spray. 

Since the liquid phase mass transfer rates were found to be very high in the 

nozzle sheets and during spray impact, these areas may be susceptible to gas 
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distribution limitations.  The mixing of the gas phase should be studied in detail along 

with the gas phase mass transfer to determine the limiting mechanisms in the different 

parts of the spray contactor.  If the gas and liquid phase mass transfer coefficients can 

be determined, then computational fluid dynamic simulations should be able to 

incorporate the effects of gas distribution. 

8.3.  SPRAY IMPACT 
The primary focus of the work performed on mass transfer during spray 

impact was to determine its significance in a real spray tower.  Now that the 

magnitude of the impact NL has been found to be as high as the spray NL in many 

cases, a more detailed study of mass transfer in spray impact phenomena is 

warranted.   

In the pool and wall impact experiments, the velocity and flux of spray were 

varied because they were expected to have the greatest effect.  However, the nozzle 

size or droplet size should also be varied to determine their effect on the mass transfer 

during these types of spray impact.  These experiments could also be extended to 

include sheets impacting on walls and/or liquid pools. 

Studies of mass transfer during wall impact could also expand to cover other 

solid surfaces such as pipes, mesh, structured packing, etc.  The experiments in this 

work were limited to spray impact at a fixed angle on a flat plate of fixed length.  The 

accuracy of the measurements for wall impact NL could be marginally improved by 

varying the length of the wetted wall to verify that the wetted wall is well described 

by the model for rippling wall flow.  The angle of impact is a more interesting 

parameter, which should be investigated.  At some angle, the maximum amount of 

kinetic energy should be converted into surface renewal (kL) or additional interfacial 

area.  Sample collection might be more difficult for other impact angles, but the 

results would interesting nonetheless and could indicate the effect of spray impact on 

pipes, which should be very common in a real scrubber.  
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The pool experiments could also be modified to use different diameter pool 

samplers.  It is possible that liquid near the edge of the pool sampler is less free to 

experience turbulent surface renewal than the liquid at the center of the sampler.  

Varying the sampler diameter would be a convenient way of measuring whether this 

effect is significant.  Even if the sampler size is an issue, the NL of the pool would be 

expected to increase with the pool diameter, and the results of this work would be 

conservative estimates of the NL for spray impact into liquid pools. 

8.4.  SPRAY INTERFERENCE IN PILOT SCALE SYSTEM 
Although no significant mass transfer was measured due to spray interception, 

the higher fluxes in a commercial scrubber may result in more interaction between the 

sprays.  To gain more understanding of mass transfer and complex spray behavior in 

real spray towers, intersecting spray experiments should be conducted at the large 

scale.  The pilot scale apparatus constructed as part of this work would have to be 

completely redesigned to accommodate two large scale nozzles and allow for sample 

collection at relevant distances from both nozzles.  Alternatively, the quench sampler 

could be reproduced with sturdier materials and measurements taken in a pilot or full 

scale scrubber.   

The understanding of mass transfer in all of the types of spray impact (wall, 

pool, and spray) would benefit from the development of theoretical framework for 

energy dissipation as a source of turbulent surface renewal and/or additional 

interfacial area. 

8.5.  CONTACTOR INNOVATIONS 
In light of the high mass transfer rates next to the spray nozzle and at spray 

impact on surfaces, more efficient gas-liquid contactors may be designed.  Both the 

sheet and the spray impact require minimal contactor volume.  On the other hand, the 

spray droplets tend to occupy a large portion of the contactor volume but have 

relatively slow mass transfer rates.  For separations with significant liquid phase 
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resistance, the size of the contactor could be greatly reduced by limiting the fraction 

of the column occupied by droplets.  

In a spray tower, the nozzles should packed closely together to take advantage 

of the efficient mass transfer in the sheet before droplet formation.  Further 

innovations could also incorporate mass transfer during spray impact into the design.  

Surfaces placed in the path of the spray would serve as targets for spray impact.  If 

these targets were positioned near the sheet breakup point, then as soon as the 

droplets are formed they strike the targets and generate additional mass transfer.  

Afterwards, the liquid could be collected and recycled to the reaction tank or fed to 

the next spray header. 

A variety of materials should be used as the impact surfaces to validate and 

optimize the contactor design.  Flat plates have the advantage of simplicity and of low 

cost.  Mesh or some type of coarse column internals may provide additional 

interfacial area and be more effective, but the cost may be significantly higher.  The 

coarse geometry would have open area for gas flow so that the low pressure drop of 

the spray contactor would not be sacrificed.  Structured packing with high void 

fraction and low pressure drop would be attractive.  Trays with a large ratio of hole 

area to active area could also be tested.  Experiments with such contactor designs 

should be performed to measure the mass transfer efficiency, which should be much 

higher for the liquid phase. 
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Appendix A  Nozzle data 
 

Table A.1. Data for Spraying Systems nozzles  

495 

Nozzle ⅛-A-SS-0.5 ⅛-A-SS-2 ⅛-A-SS-5 ¼-A-SS-10 ⅜-A-SS-20 
3CF-SILCNB-

120 
Orifice (in) 0.047 0.078 0.125 0.172 0.250 2.063

3   0.27 0.55 1.1 78
5  0.14 0.35 0.71 1.4 102
7      120

10 0.05 0.20 0.50 1.0 2.0 143
15 0.06 0.25 0.61 1.2 2.4  
20 0.07 0.28 0.70 1.4 2.8 203

Capacity1 
(gpm at 

given psi) 

30 0.09 0.35 0.86 1.7 3.5 249
7  52 56 63 63 71

20 58 61 67 70 70 73
60      77

Angle1  
(° at given 

psi) 
80 69 69 76 74 74  

7      1710
10 365 435 500 645 910  
12 360 420 

dV0.5 2,3 
(µm) 

640 900  
15 355 410 485 625 880 1300
17 345 400 475 620 870  
20 340 395 470 605 860 1200
25 320 380 460 590 830  

1Capacity and spray angle data from Spraying Systems catalog 60. 
2Droplet size data for laboratory nozzles from Spraying Systems datasheet 11825-9. 
3Droplet size data for 3CF nozzle provided by Spraying Systems (Jett, 1999) 
 

Table A.2. Correlation of spray flow rate 
2C1C

or Pd0CQ ∆=  
Parameter Regressed value 

ln C0 2.35 ± 0.02 
C1 2.011 ± 0.004 
C2 0.501 ± 0.006 

Note:  dor in inches and ∆P in psi 
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Table A.3. Sauter mean and volume median droplet diameters (Koehn, 2001) 

d32 (µm) dV0.5 (µm) 
100 137 
300 405 
1000 1400 
3000 4100 
7000 9900 
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Appendix B  Oscillation criteria 
 
Klee and Treybal, 1956 
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Appendix C  Calculating kL and a 
 
Assumptions 
1. Steady state 
2. Dilute solution (i.e. liquid phase mole fraction of CO2 << 1) 
3. Mass transfer is liquid film controlled 
4. Negligible concentration of CO2 in the gas phase. 
 
Material balance on differential section of spray 

 
Define liquid phase transfer unit 
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Usually, as in the case of a packed column, an average value of kL would be assumed, 
and the above equation would be integrated over a section of the column from the 
nozzle to position z. 
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If the drop velocities are known, then the holdup and the area to volume ratio may be 
calculated (Seibert and Fair, 1993). 
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≈ϕ

92.1expu
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 ϕ
=

vsd
6a  

However, the spray will not have a constant superficial velocity or holdup.  Since the 
nozzle will produce a conical spray, U’ and φ will decrease with distance from the 
nozzle.  Far from the nozzle, the drops decelerate to their terminal velocities and the 
spray becomes less conical.  This region has more constant values for U’ and φ, and 
the above procedure may be used to calculate kL.  Unfortunately, for the large nozzles 
of interest, the conical region of the spray is several feet in diameter, and the standard 
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method of extracting kL from NL data will not be applicable to the spray in the 
experimental column. 
 
A more appropriate method to calculate kL in sprays may be to develop a model for 
kL that will match the experimental NL data.  For example, if the drops do not 
undergo significant secondary breakup or coalescence, the concentrations in 
individual drops may be calculated independently. 
 
 dt

 

CAkdCV dLd −=  

dt
d
6k

C
dC

e
L 








−=  

The concentration of a droplet is purely a function of the droplet’s contact time.  The 
contact time of a droplet at a given position in the spray can be estimated from the 
droplet initial velocity, gravitational acceleration, and drag.  There may be a 
distribution of contact times because the drag will be different on the different droplet 
sizes.  Thus, the contact time could be a function of droplet diameter and distance 
from the nozzle. 
 
Then, the concentration in a droplet of size di is a function of di and distance from the 
nozzle. 
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The concentrations of these individual droplets may be averaged over the drop size 
distribution to obtain a model for the bulk average concentration as a function of 
position, which can then be compared with the experimental observations. 
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The important data requirements of this model are the drop size distribution, a model 
or measurements for velocities/contact times, and model for kL.  The drop size 
distribution and the velocities are expected to be functions of the nozzle pressure 
drop, nozzle type, and physical properties of the system.  The liquid mass transfer 
coefficient is expected to be a function of drop size, nozzle pressure drop, and various 
physical properties. 
 
The model could be simplified by assuming an average droplet diameter, such as the 
Sauter mean (d32).  In addition, the contact time of the droplets may not be such a 
strong function of the droplet size since the droplets are not independent.  The motion 
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of the other spray droplets can affect the drag forces so that the standard correlations 
for a single sphere in an infinite medium may not be applicable.  Since the contact 
time of the droplet is often very short, the effect of drag may even be negligible. 
 
The model for kL could be based on the assumption of droplets with damped 
oscillations.  The drops are non-spherical after formation. Surface tension deforms the 
drops toward a spherical shape, but inertia can cause oscillations.  By considering 
these forces, one can calculate a natural drop oscillation frequency.  However, the 
viscosity of the liquid phase would tend to damp out these oscillations (Lamb, 1945).   
Then, based on the Angelo oscillation model, the form of a damped oscillation model 
might be 

 

µ
ρ

=τ
σ

ρπ
=

















τ
−ε+ε

π
=

20
d,d

4
t  where

texp
t
Dk

2
i

3
i

p

i
1o

p
i,L

 

The contact time ti is expected to be a function of the drop size, pressure drop and 
distance from the nozzle.  The parameters (εo and ε1) might also depend on the 
pressure drop.  However, in the Angelo model, the effect of the oscillation amplitude 
is relatively weak and may not be observable.  
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Appendix D  Pilot scale apparatus 
 
PROCESS FLOW DIAGRAMS 
Pilot scale experiments were conducted at the Separations Research Program facility 
on the Pickle Research Campus of The University of Texas at Austin. 
 

 

Experimental 
spray column 

Figure D.1. Pilot facility of the UT Separations Research Program 
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Figure D.2. Diagram of piping for the pilot spray column 
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SPRAY COLUMN DIMENSIONS 
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Figure D.3. Detailed diagrams of pilot scale spray contactor 
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Appendix E  Sample storage and stability 
 
Samples were analyzed under a variety of conditions to determine the stability of the 
liquid samples.  In the base case protocol, the samples were stored in phosphate 
buffer in a tightly capped glass vial and analyzed the next day.  Several samples of 
the feed stream in a laboratory experiment were taken and should have the same 
concentration of CO2.  The base case analyses are compared with other protocols in 
the following figure. 
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Figure E.1. Sample storage and stability 

Glass vials with septa were used to attempt to limit losses of CO2 to the air.  With the 
standard vials, when the vials were opened to perform analyses, the samples were 
exposed to air.  With the septa, syringes were used to withdraw sample for analysis.  
However, very little effect of using the vials with septa was observed, and the 
measured concentrations were even somewhat lower with the septa than with the 
standard vials. 
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A comparison of samples 1L1 with 1L2 and 1L5 with 1L7 illustrates the effect of 
storing samples in phosphate buffer.  The phosphate buffer solution stabilized the 
samples and improved the reproducibility of analyses.   
 
The stability of the samples was also tested by analyzing two of the samples (1L4 and 
1L6) on the same day as they were collected.  The concentrations of 1L4 and 1L6 
were slightly higher than the base case samples (1L1 and 1L5), indicating that some 
of the carbonate might have desorbed from the liquid into the gas headspace of the 
vial overnight.  When samples 1L4 and 1L6 were reanalyzed the next day, the 
concentrations were much lower.  Thus, once the vials are opened and the samples are 
analyzed, they appear to lose significant amounts of carbonate to the atmosphere. 
 
ASTM standard D513-92 suggests that samples be stored at a temperature below that 
at which they are collected until they can be analyzed.  To verify the effectiveness of 
this procedure, sample 1L3 was refrigerated overnight and analyzed the same day as 
the base case samples.  The refrigerated sample had essentially the same 
concentration as the sample analyzed immediately after collection (1L4).  In light of 
these results, samples were stored with phosphate buffer in standard glass vials and 
refrigerated until analysis. 
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5. Wait for the background CO2 to be stripped out of solution. Allow the 
analyzer response to stabilize/return back to “zero”. 

 
 

Appendix F  Total carbonate analyzer  
 
The procedure for the carbonate analysis was modified from the work of previous 
researchers at The University of Texas (Bishnoi, 2000; Pacheco, 1998) 
 
SETUP 
Drying bed(s) 
There are 3 magnesium perchlorate drying beds on the carbonate analyzer.  The first 
bed must be changed each day before analyzing samples.  It may also need to be 
changed again if many samples are to be analyzed.  The second drying bed may be 
changed occasionally if the analyzer continues giving erratic results after changing 
the first bed.  The third drying bed should rarely need to be changed.  To change any 
of the drying beds: 

1. Remove the drying bed by pulling up on the glass tube.  Be careful not to lose 
the o-rings. 

2. Discard the glass wool and the old bed. 
3. Wash out the glass tube and then dry thoroughly. 
4. Cut a small piece of glass wool and insert it into one end of the glass tube. 
5. Through the other end, fill the tube with magnesium perchlorate. 
6. Cut another small piece of glass wool and insert it into the open end of the 

tube. 
7. Place the drying bed back in the carbonate analyzer. 
8. Gas flow 
9. Verify that the nitrogen (N2) cylinder is open and the pressure regulator is set 

at 40 psi. 
10. Open the nitrogen needle valve by the hood. 
11. Adjust the rotameter so that the middle of the ball float is at 11. 
12. Check that the gas is flowing all the way through the analyzer and is not 

obstructed. 
 
Acid bath 

1. Obtain 30wt% phosphoric acid (H3PO4) solution. 
2. Check the septum on the analyzer for wear.  If necessary, turn off gas and 

replace septum. 
3. Using a 3mL syringe, inject approximately 1mL of acid into the analyzer. 
4. Place the pen on the chart recorder down to begin recording the analyzer 

response. 
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2% of the response when experimental samples were analyzed. 
 

CALIBRATION 
The calibration solutions and procedure will depend on the expected concentrations 
of the samples to be analyzed.  
 
Standard solutions 
The 1.0 mM standard solution for spray experiments should be prepared fresh each 
day. 

1. Obtain or prepare 10 mM sodium carbonate (Na2CO3) solution. 
2. Using a volumetric pipet, transfer 5 mL of  10 mM Na2CO3 solution into a 50 

mL volumetric flask. 
3. Dilute the solution to 50 mL with distilled water. 

 
Calibration procedure 
Calibrate the total carbonate analyzer by injecting different volumes of known 
concentration. 

1. Adjust the range on the analyzer and the chart recorder. (For spray 
experiments, the analyzer should be on the 0.05% range and the chart recorder 
should be on the 200mV range.) 

2. Check that the chart recorder output for the carbonate analyzer has leveled off. 
3. Use the “position” knob on the chart recorder to position the pen at a 

convenient level (5 or 10) so that you can see if the analyzer response starts to 
drift down. 

4. Draw 100 µL of standard solution into a 100 µL syringe and then discard it.  
Flush the syringe a few times in the same fashion. 

5. Draw 100 µL of standard solution into a 100 µL syringe.  Get as much of the 
gas out of the syringe as possible. 

6. Advance the paper on the chart recorder if it is not already running. 
7. Inject the 100 µL of standard solution into the analyzer. 
8. Watch for the peak on the chart recorder and label it (e.g. 1.0 mM std, 100 

µL). 
9. After the analyzer output has returned to zero, repeat steps 5-7 until you have 

three peaks in close agreement (similar peak heights). 
10. Repeat steps 5-9 with other volumes of standard solution (70, 50, 30, and 10 

µL). 
 
A typical calibration curve is shown in the following figure.  The equation gives the 
millimoles of carbonate in the injection as a function of the magnitude of the analyzer 
response.  The standard error of the y-estimate for the regression was typically about 



 

y = 1.61E-06x - 9.02E-06
R2 = 9.98E-01

0.00E+00

2.00E-05

4.00E-05

6.00E-05

8.00E-05

1.00E-04

1.20E-04

0.0 20.0 40.0 60.0 80.0

Peak height

m
m

ol
es

 
Figure F.1. Typical calibration curve for carbonate analyzer 

 
ANALYSIS 
For each sample to be analyzed, the volume of injection may need to be adjusted.  If 
the sample has a high carbonate concentration, less should be injected so that the 
analyzer response stays within the calibration range.  However, the injection volume 
should be as high as possible.  Ideally, the sample injection volume will be in the 
same range as the calibrations (50-100 µL). 

1. Draw 100 µL of the sample into a 100 µL syringe and then discard it.  Flush 
the syringe a few times in the same fashion. 

2. Draw 50 µL of sample into a 100 µL syringe.  Get as much of the gas out of 
the syringe as possible. 

3. Advance the paper on the chart recorder if it is not already running. 
4. Inject the 50 µL of sample into the analyzer. 
5. Watch for the peak on the chart recorder and label it (e.g. Sample 1, 50 µL). 
6. If the peak height is above the calibrated range, repeat steps 2-5 with a smaller 

injection volume.  If the peak height is low, consider increasing the injection 
volume.  It may be more convenient to use a different size syringe (e.g. 50 or 
250 µL). 

7. Repeat steps 2-5 until you have three peaks in close agreement (similar peak 
heights). 

 
TROUBLESHOOTING 
From time to time, check that the rotameter is still at 11 and inject 100 µL of standard 
solution to check the calibration. 
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Sample cell full 

1. Remove the acid bath/sample solution from the analyzer with the 3mL 
syringe. 

2. Using a 3mL syringe, inject approximately 1mL of acid into the analyzer. 
3. Wait for the background CO2 to be stripped out of solution. Allow the 

analyzer response to stabilize/return back to “zero”. 
4. Inject 100 µL of standard solution to check the calibration. 

 
Sudden decrease in gas flow  

1. Check gas flow through analyzer 
2. May need to change the drying bed.  Turn off the gas flow, empty the acid 

bath, and replace the drying bed(s). 
 
No response from analyzer 

1. Check gas flow through analyzer 
2. Inspect tubing inside and outside of analyzer. 

 
SHUTDOWN 

1. Reduce the gas flow by turning the rotameter down to about 3. 
2. Remove the acid bath/sample solution from the analyzer with the 3mL 

syringe. 
3. Turn the rotameter down to zero.  Close the nitrogen needle valve by the 

hood. 
4. If no one else is using the nitrogen, close the cylinder. 
5. Rinse the syringes with distilled water. 
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20 Yes Low 0.94 0.77 4.65E-04 0.61 0.45
Distance from nozzle = 11"      

20 Yes High 0.91 0.77 4.65E-04 0.57 0.51
 
 

Appendix G  Tabulated data 
 
Concentrations given in mM 
* denotes outlying data points, neglected when computing the average feed 
concentration 
 
Quench sampler development 
 
Nozzle 1/64 jet (no packing in sampler) 
C buffer 0.38  
C OH 0.94  
 
∆P (psi) OH Level C feed flux cm/s f C spray NL 

5 No High 2.60 0.38 4.58E-04 2.09 0.220
5 No Low 2.79 0.38 4.58E-04 1.60 0.557
5 Yes High 2.62 0.38 4.58E-04 2.74 -0.043
5 Yes Low 2.68 0.38 4.58E-04 2.60 0.030

10 No High 2.91 0.53 4.48E-04 1.73 0.519
10 No Low 2.76 0.53 4.48E-04 1.23 0.809

 
 
Nozzle 1/64 jet 
C buffer 0.46 
C OH 0.33 
 
∆P (psi) OH Level C feed flux cm/s f C spray NL 

5 No High 0.59 0.40 4.81E-04 0.62 -0.04
5 No Low 0.84 0.40 4.81E-04 0.57 0.38
5 Yes High 1.07 0.40 4.81E-04 1.01 0.06
5 Yes Low 1.11 0.40 4.81E-04 1.09 0.01

10 No High 2.04 0.53 4.48E-04 1.27 0.41
10 No Low 1.91 0.53 4.48E-04 1.39 0.32
10 Yes High 1.90 0.53 4.48E-04 1.93 0.00
10 Yes Low 1.84 0.53 4.48E-04 1.57 0.20
20 No High 0.95 0.77 4.65E-04 0.48 0.67
20 No Low 1.02 0.77 4.65E-04 0.50 0.64
20 Yes High 0.93 0.77 4.65E-04 0.73 0.26
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5 2.34 2.81 3.38E-03 2.17 0.10
5 2.34 2.81 3.38E-03 2.47 -0.03

 
 

Nozzle 1/64” jet 
C buffer 0.31 
C OH 0.37 
 
∆P (psi) C feed flux (cm/s) f C spray NL 

5 4.71 0.38 4.53E-04 4.30 0.06 
5 4.46 0.38 4.53E-04 4.30 0.06 

10 3.87 0.53 4.54E-04 3.64 0.05 
10 3.79 0.53 4.54E-04 3.84 0.00 
20 *3.99 0.76 4.56E-04 3.15 0.06 
20 3.30 0.76 4.56E-04 3.12 0.07 

 
 
Nozzle 1/64” jet slanted 
C buffer 0.15  
C OH 0.45  
 
∆P (psi) C feed flux (cm/s) f C spray NL 

5 9.70 0.35 4.23E-04 12.29 -0.24 
10 5.99 0.51 4.33E-04 5.91 0.01 
20 10.86 0.74 4.44E-04 9.04 0.18 

 
 
Nozzle 3/64 jet 
C buffer 0.14 
C OH 0.42 
 
∆P (psi) C feed flux (cm/s) f C spray NL 

5 3.51 2.77 3.33E-03 3.60 -0.02 
10 4.21 3.97 3.38E-03 3.88 0.08 
20 4.39 5.66 3.41E-03 4.56 -0.04 

 
 
Nozzle 3/64” jet 
C buffer 0.29 
C OH 0.31 
 
∆P (psi) C feed flux 

(cm/s) f C spray NL 



 

Laboratory spray mass transfer measurements 
 
Nozzle 1/8-A-SS-2 
C buffer 0.21 
C OH 0.53 
 
∆P (psi) C feed r (cm) flux (cm/s) C spray NL 

10 2.84 1.3 1.05 1.54 0.62 
10 2.85 2.5 0.60 1.26 0.82 
10 2.84 3.8 0.47 1.29 0.79 
10 2.85 5.1 0.24 0.98 1.07 
20 2.60 1.3 1.37 1.39 0.66 
20 2.67 5.1 0.53 0.82 1.18 
20 2.79 8.9 0.27 0.80 1.21 

 
 
Nozzle 1/8-A-SS-2 
C buffer 0.26 
C OH 0.29 
 
∆P (psi) C feed x (in) y (in) r (cm) flux (cm/s) C spray NL 

10 3.64 0.3 0.5 1.3 1.11 2.08 0.58
10 3.75 0.6 1.0 2.9 0.65 1.72 0.77
10 *3.99 1.0 1.5 4.5 0.43 1.39 0.98
10 3.73 1.3 2.0 6.2 0.17 1.93 0.65
20 3.00 0.5 0.5 1.7 1.21 1.44 0.75
20 2.95 0.8 1.0 3.2 0.78 1.29 0.86
20 3.12 1.3 1.3 4.5 0.35 1.54 0.69
20 3.16 1.3 2.0 6.2 0.26 0.98 1.14
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20 1.70 4.00 6.00 18.3 0.21 0.85 0.70
 
 
 

Nozzle 1/8-A-SS-5 
C buffer 0.15 
C OH 0.45 
 
∆P (psi) C feed r (cm) flux (cm/s) C spray NL 

5 2.09 1.3 2.28 1.68 0.21
5 2.12 2.5 1.36 1.41 0.38
5 2.07 5.1 0.88 1.31 0.46
5 2.05 8.9 0.81 1.19 0.56
5 2.02 14.0 0.24 1.17 0.57

10 2.13 1.3 2.81 1.59 0.21
10 2.03 2.5 1.53 1.32 0.39
10 1.87 6.4 0.85 1.19 0.50
10 2.02 10.2 0.45 1.15 0.53
10 1.73 19.7 0.04 0.96 0.71
20 2.08 2.5 2.40 1.17 0.56
20 2.07 5.1 1.44 1.12 0.61
20 2.02 10.2 0.51 1.08 0.65
20 2.06 15.9 0.22 0.84 0.90
20 2.02 22.2 0.07 0.86 0.87

 
 
Nozzle 1/4-A-SS-10 
C buffer 0.28 
C OH 0.56 
 
∆P (psi) C feed x (in) y (in) r (cm) flux (cm/s) C spray NL 

5 1.73 1.00 2.00 5.7 1.31 1.22 0.36
5 1.76 2.00 3.50 10.2 0.60 1.04 0.53
5 1.75 4.00 6.00 18.3 0.09 1.06 0.50

10 1.70 1.00 1.00 3.6 2.71 1.23 0.31
10 1.70 2.00 3.00 9.2 0.73 1.03 0.49
10 1.68 3.00 4.50 13.7 0.27 0.93 0.59
10 1.66 4.00 6.00 18.3 0.03 0.89 0.64
10 1.68 5.00 8.00 24.0 0.03 0.90 0.63
20 1.72 1.00 1.00 3.6 3.66 1.01 0.52
20 1.69 2.00 2.50 8.1 1.61 0.93 0.60
20 1.68 3.00 5.00 14.8 0.37 0.89 0.65



 

Nozzle 1/4-A-SS-10 slanted 
C buffer 0.23  
C OH 0.61  
 
∆P (psi) C feed x (in) y (in) r (cm) flux (cm/s) C spray NL 

10 1.80 0 1.38 3.5 3.67 1.15 0.44
10 *1.55 0 3.38 8.6 1.09 1.51 0.03
10 1.76 0 5.38 13.7 0.45 1.03 0.54
10 1.71 0 7.50 19.1 0.15 1.14 0.41
10 1.71 0 9.38 23.8 0.14 1.07 0.47

 
 
 
Nozzle 1/4-A-SS-10 slanted 
C buffer 0.32  
C OH 0.56  
 
∆P (psi) C feed x (in) y (in) r (cm) flux (cm/s) C spray NL 

5 1.76 0 1.38 3.5 2.05 1.31 0.28
5 1.78 0 3.38 8.6 0.84 1.16 0.40
5 1.70 0 5.38 13.7 0.34 1.16 0.40
5 1.67 0 7.38 18.7 0.14 1.08 0.47

10 1.73 0 1.38 3.5 2.62 1.10 0.44
10 1.69 0 3.38 8.6 1.07 1.14 0.40
10 1.65 0 5.38 13.7 0.40 1.05 0.48
10 1.75 0 7.38 18.7 0.14 1.02 0.51
10 1.67 0 9.38 23.8 0.07 0.96 0.56
20 1.68 0 3.38 8.6 1.37 1.08 0.44
20 1.68 0 5.38 13.7 0.53 1.06 0.46
20 1.69 0 7.38 18.7 0.27 0.98 0.54
20 1.69 0 9.38 23.8 0.15 0.99 0.53
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Nozzle 3/8-A-SS-20 
C buffer 0.12 
C OH 0.45 
 
∆P (psi) C feed r (cm) flux (cm/s) C spray NL 

5 2.05 3.2 5.35 1.72 0.16
5 2.06 7.6 2.19 1.54 0.27
5 2.05 12.7 0.96 1.36 0.39
5 1.96 17.8 0.48 1.34 0.41
5 2.02 24.1 0.23 1.37 0.39
5 1.98 38.7 0.06 1.28 0.45
10 2.06 3.5 5.82 1.63 0.18
10 1.95 7.6 2.90 1.34 0.38
10 1.83 12.1 1.10 1.35 0.37
10 1.90 17.8 0.50 1.06 0.61
10 1.98 25.4 0.22 1.18 0.51
10 1.98 40.6 0.06 1.15 0.53

 
 
Pilot scale spray mass transfer measurements 
 
Nozzle 3CF-SILCNB-120 
∆P (psi) 5 
C buffer 0.27 
C OH 0.55 
 
x (in) y (in) r (cm) flux (cm/s) C feed C spray NL 
14.5 20 80.3 1.72 1.93 1.39 0.33 
20 26 100.8 1.39 2.01 1.66 0.15 
25 31 118.8 1.13 2.03 1.45 0.29 
30 37 138.4 0.92 1.86 1.44 0.30 
38 49 174.2 0.45 1.96 1.35 0.36 
38 49 174.2 0.45 1.85 1.34 0.37 
40 47 174.3 0.57 1.93 1.36 0.35 
36 51 174.4 0.21 1.93 1.60 0.19 
42 45 174.7 0.17 †1.93 1.49 0.26 

† Interpolated from other measurements of feed concentration 
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Nozzle 3CF-SILCNB-120 
∆P (psi) 10 
C buffer 0.25 
C OH 0.39 
 
x (in) y (in) r (cm) flux (cm/s) C feed C spray NL 

12 19 73.8 2.38 2.02 1.45 0.28 
12 19 73.8 2.38 †1.94 1.50 0.24 
16 26 93.4 1.37 1.90 1.41 0.31 
18 24 93.7 1.60 1.94 1.38 0.33 
26 33 124.0 1.23 1.85 1.35 0.35 
28 31 124.6 0.67 1.98 1.22 0.45 
36 44 161.7 0.81 1.86 1.37 0.34 
41 50 181.4 0.67 †1.92 1.31 0.38 

39.6 51.5 181.6 0.50 †1.89 1.35 0.35 
43 48 181.6 0.64 1.93 1.34 0.36 
43 48 181.6 0.60 1.87 1.24 0.44 
45 46 182.1 0.17 1.91 1.40 0.32 

† Interpolated from other measurements of feed concentration 
 
 
Nozzle 3CF-SILCNB-120 
∆P (psi) 20 
C buffer 0.23 
C OH 0.33 
 
x (in) y (in) r (cm) flux (cm/s) C feed C spray NL 

30 34 133.3 1.19 1.74 0.99 0.56 
33 42 152.7 1.13 1.76 1.32 0.27 
35 40 152.9 1.32 1.70 1.24 0.34 
38 46 168.9 1.18 1.74 1.19 0.38 
36 48 168.9 0.71 1.68 1.31 0.28 
40 44 169.2 0.99 *2.23 1.04 0.51 
42 42.5 170.6 0.36 1.78 1.44 0.19 
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Mass transfer during spray impact  
 
Pool impact experiment 
Nozzle 1/4-A-SS-10 
C buffer 0.23 
C OH N/A 
 

Predicted Regressed ∆P (psi) C feed x (in) y (in) r (cm) flux (cm/s) C spray NL 
NL spray NL pool NL pool 

5 2.57 1.0 2.3 6.3 1.10 1.34 0.64 0.35 0.29 0.33 
5 2.46 2.5 5.0 14.4 0.29 0.96 0.97 0.45 0.52 0.41 
5 2.55 4.0 7.5 21.9 0.07 0.91 1.03 0.51 0.52 0.52 

10 2.61 0.5 1.0 3.0 2.77 1.31 0.63 0.32 0.31 0.36 
10 2.33 2.0 3.3 9.9 0.50 0.92 0.99 0.47 0.52 0.48 
10 2.44 4.0 7.5 21.9 0.07 0.75 1.19 0.60 0.60 0.67 
20 2.24 0.8 1.5 4.2 3.07 0.86 0.95 0.42 0.53 0.45 
20 2.18 2.5 4.5 13.2 0.49 0.70 1.15 0.60 0.55 0.62 
20 2.21 4.0 6.8 20.0 0.19 0.51 1.47 0.68 0.79 0.73 

 
 
Spray interception experiment 
Nozzle 2 1/8-A-SS-5 
C buffer 0.27 
C OH 0.50 
 
∆P (psi) C feed x (in) y (in) x (cm) flux (cm/s) C spray NL NL avg NL int - 

NL avg Average Stdev 

5 2.93 -5.00 3.50 -12.7 0.31 1.71 0.53 0.61  0.02 0.02
5 2.92 -2.50 3.50 -6.4 0.17 1.53 0.64  0.03  
5 2.89 2.50 3.50 6.4 0.24 1.58 0.61  0.01  
5 2.91 4.50 3.50 11.4 0.28 1.47 0.68    

10 2.90 -5.13 3.50 -13.0 0.36 1.92 0.40 0.57  0.11 0.04
10 2.90 -2.63 3.50 -6.7 0.15 1.48 0.66  0.08  
10 2.75 2.50 3.50 6.4 0.21 1.40 0.71  0.14  
10 2.88 4.25 3.50 10.8 0.31 1.35 0.75    
20 *3.02 -5.50 3.50 -14.0 0.50 1.52 0.62 0.66  0.15 0.08
20 2.89 -3.00 3.50 -7.6 0.19 1.20 0.86  0.20  
20 2.81 2.75 3.50 7.0 0.33 1.34 0.75  0.09  
20 2.82 4.75 3.50 12.1 0.38 1.42 0.69    



 

Wall impact experiment 
Nozzle 1/8-A-SS-10 
C buffer 0.23 
C OH 0.28 
 

Predicted Regressed∆P (psi) Cfeed x (in) y (in) r (cm) Qp (cm3/min) C spray NL 
NL spray NL ww flux NL imp NL imp 

5 2.54 1.50 2.50 7.4 137.7 1.20 0.73 0.36 0.11 0.64 0.25 0.27
5 2.53 2.50 4.00 12.0 81.6 0.91 1.01 0.42 0.16 0.27 0.43 0.40
5 2.46 4.00 6.00 18.3 49.3 0.74 1.22 0.48 0.21 0.13 0.53 0.58

10 2.49 2.25 3.00 9.5 68.7 0.88 1.02 0.46 0.17 0.52 0.39 0.36
10 2.48 3.00 4.50 13.7 64.4 0.72 1.23 0.52 0.18 0.27 0.53 0.49
10 2.37 4.00 5.00 16.3 51.5 0.65 1.33 0.55 0.21 0.20 0.57 0.56
20 2.36 1.50 2.50 7.4 81.6 0.91 0.94 0.50 0.16 1.04 0.28 0.31
20 2.33 3.00 4.00 12.7 34.2 0.56 1.44 0.59 0.26 0.40 0.58 0.49
20 2.34 4.00 5.50 17.3 34.2 0.54 1.47 0.65 0.26 0.23 0.55 0.64
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Semi-empirical model predictions 
 

Experimental Sheet predictions Droplet predictions Total 
Nozzle 

T (°C) ∆P (psi) r (cm) NL Lb (cm) kLs (cm/s) as (cm-1) ts (ms) NLs kLd (cm/s) d32 (µm) td (ms) NLd NL 
⅛-A-SS-21 22 10 1.3 0.62 3.01 0.615 448.2 1.08 0.298 0.072 334.6 0.00 0.000 0.298 

 22 10 2.5 0.82 3.01 0.309 802.9 2.16 0.537 0.072 334.6 0.00 0.000 0.537 
 22 10 3.8 0.79 3.01 0.261 934.4 2.56 0.625 0.072 334.6 0.68 0.009 0.634 
 22         0.072     10

20 
5.1 1.07 3.01 0.261

1.166 
934.4
468.0 

2.56 0.625 334.6 1.76
0.00 0.

0.023
000 

0.648
 22         1.3 0.66 2.42

2.42 
0.76
1.46 

0.417
0.722 

0.077
0.077 

307.2
307.2 

0.417
0.746  22    0.615  1.60  20 5.1 1.18 806.1

806.1 
0.024

 
 

22
22 

      1.46       20 8.9 1.21 2.42 0.615 0.722
0.312 

0.077
0.072 

307.2 3.90 0.059 0.781
10
10 

           1.34 0.58 3.01 0.581
0.272 

469.1 1.15 334.6 0.00
0.00 0.

0.000
000 

0.312
 22          2.89 0.77 3.01

3.01 
899.5 2.46

2.56 
0.602
0.625 

0.072
0.072 

334.6
334.6 

0.602
0.642  22    0.261  1.28  10 4.51 0.98 934.4

934.4 
0.017

035  
 

22     0.261     2.69 0. 0.660 10
20 

6.17
1.69

0.65 3.01 2.56 0.625 0.072
0.077 

334.6
307.2 22

22 
        0.00   0.75

86 
2.42
2.42 

0.877
0.615 

592.2
806.1 

1.02
1.46 

0.529
0.722 

0.000
007 

0.529
0.729  

 
20 3.18 0. 0.077 307.2 0.46 0.

22 20 4.47 0.69 2.42 0.615 806.1 1.46 0.722 0.077 307.2 1.23 0.019 0.741 
 22 20 6.17 1.14 2.42 0.615 806.1 1.46 0.722 0.077 307.2 2.26 0.034 0.756 

⅛-A-SS-5 22 5 1.3 0.21 4.47 0.522 192.8 1.53 0.154 0.059 439.1 0.00 0.000 0.154 
 22 5 2.5 0.38 4.47 0.262 327.4 3.06 0.263 0.059 439.1 0.00 0.000 0.263 
 22 5 5.1 0.46 4.47 0.150 531.6 5.38 0.428 0.059 439.1 0.74 0.006 0.434 
 22 5 8.9 0.56 4.47 0.150 531.6 5.38 0.428 0.059 439.1 5.33 0.043 0.471 
 22 5 14.0 0.57 4.47 0.150 531.6 5.38 0.428 0.059 439.1 11.44 0.092 0.520 
 22 10 1.3 0.21 3.59 0.990 200.5 1.08 0.215 0.063 403.1 0.00 0.000 0.215 
 22 10 2.5 0.39 3.59 0.497 342.4 2.16 0.368 0.063 403.1 0.00 0.000 0.368 
 22 10 6.4 0.50 3.59 0.353 459.5 3.06 0.495 0.063 403.1 2.35 0.022 0.517 
 22 10 10.2 0.53 3.59 0.353 459.5 3.06 0.495 0.063 403.1 5.60 0.052 0.548 
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 22 5 3.5 0.28 5.03 0.264 241.1 4.21 0.268 0.054 498.3 0.00 0.000 0.268 
 22 5 8.6 0.40 5.03 0.184 328.7 6.06 0.366 0.054 498.3 4.26 0.028 0.393 
 22 5 13.7 0.40 5.03 0.184 328.7 6.06 0.366 0.054 498.3 10.38 0.067 0.433 
 22 5 18.7 0.47 5.03 0.184 328.7 6.06 0.366 0.054 498.3 16.50 0.106 0.472 
 22 10 3.5 0.44 4.04 0.501 252.1 2.97 0.376 0.057 457.5 0.00 0.000 0.376 

Experimental Sheet predictions Droplet predictions Total 
Nozzle 

T (°C) ∆P (psi) r (cm) NL Lb (cm) kLs (cm/s) as (cm-1) ts (ms) NLs kLd (cm/s) d32 (µm) td (ms) NLd NL 
⅛-A-SS-5 22 10 19.7 0.71 3.59 0.353 459.5 3.06 0.495 0.063 403.1 13.71 0.128 0.624 

(cont.) 22 20 2.5 0.56 2.88 0.943 358.1 1.53 0.517 0.067 370.1 0.00 0.000 0.517 
 22 20 5.1 0.60 2.88 0.832 398.3 1.74 0.575 0.067 370.1 1.32 0.014 0.589 
 22 20 10.2 0.64 2.88 0.832 398.3 1.74 0.575 0.067 370.1 4.38 0.048 0.623 
 22 20 15.9 0.89 2.88 0.832 398.3 1.74 0.575 0.067 370.1 7.83 0.085 0.660 
 22 20 22.2 0.86 2.88 0.832 398.3 1.74 0.575 0.067 370.1 11.65 0.126 0.701 

¼-A-SS-10 22 5 18.3 0.50 5.03 0.184 328.7 6.06 0.366 0.054 498.3 16.00 0.103 0.469 
 22 5 10.2 0.52 5.03 0.184 328.7 6.06 0.366 0.054 498.3 6.27 0.040 0.406 
 22 5 5.7 0.36 5.03 0.184 328.7 6.06 0.366 0.054 498.3 0.78 0.005 0.371 
 22 10 9.2 0.49 4.04 0.433 285.0 3.44 0.425 0.057 457.5 4.36 0.033 0.458 
 22 10 18.3 0.64 4.04 0.433 285.0 3.44 0.425 0.057 457.5 12.16 0.091 0.516 
 22 10 3.6 0.31 4.04 0.487 258.1 3.06 0.385 0.057 457.5 0.00 0.000 0.385 
 22 10 13.7 0.59 4.04 0.433 285.0 3.44 0.425 0.057 457.5 8.26 0.062 0.487 
 22 10 24.0 0.63 4.04 0.433 285.0 3.44 0.425 0.057 457.5 16.97 0.127 0.552 
 22 20 14.8 0.65 3.25 1.022 248.0 1.95 0.495 0.061 420.1 6.97 0.061 0.556 
 22 20 3.6 0.52 3.25 1.022 248.0 1.95 0.495 0.061 420.1 0.21 0.002 0.497 
 22 20 8.1 0.60 3.25 1.022 248.0 1.95 0.495 0.061 420.1 2.94 0.026 0.521 
 22 20 18.3 0.69 3.25 1.022 248.0 1.95 0.495 0.061 420.1 9.08 0.079 0.574 
 22 10 19.1 0.41 4.04 0.433 285.0 3.44 0.425 0.057 457.5 12.78 0.096 0.521 
 22 10 13.7 0.54 4.04 0.433 285.0 3.44 0.425 0.057 457.5 8.19 0.061 0.486 
 22 10 3.5 0.44 4.04 0.501 252.1 2.97 0.376 0.057 457.5 0.00 0.000 0.376 
 22 10 23.8 0.47 4.04 0.433 285.0 3.44 0.425 0.057 457.5 16.84 0.126 0.551 
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120 38 10 182 0.36 8.52 2.888 7.6 7.26 0.160 0.033 1224.7 147.75 0.236 0.396 
 38 10 181 0.38 8.52 2.888 7.6 7.26 0.160 0.033 1224.7 146.90 0.234 0.394 
 38 10 182 0.44 8.52 2.888 7.6 7.26 0.160 0.033 1224.7 147.75 0.236 0.396 
 38 10 124 0.35 8.52 2.888 7.6 7.26 0.160 0.033 1224.7 98.35 0.157 0.317 
 38 10 94 0.33 8.52 2.888 7.6 7.26 0.160 0.033 1224.7 72.80 0.116 0.276 

Experimental Sheet predictions Droplet predictions Total 
Nozzle 

T (°C) ∆P (psi) r (cm) NL Lb (cm) kLs (cm/s) as (cm-1) ts (ms) NLs kLd (cm/s) d32 (µm) td (ms) NLd NL 
¼-A-SS-10 22 10 8.6 0.40 4.04 0.433 285.0 3.44 0.425 0.057 457.5 3.86 0.029 0.454 

(cont.) 22 10 13.7 0.48 4.04 0.433 285.0 3.44 0.425 0.057 457.5 8.19 0.061 0.486 
 22 10 18.7 0.51 4.04 0.433 285.0 3.44 0.425 0.057 457.5 12.51 0.094 0.519 
 22 10 23.8 0.56 4.04 0.433 285.0 3.44 0.425 0.057 457.5 16.84 0.126 0.551 
 22 20 8.6 0.44 3.25 1.022 248.0 1.95 0.495 0.061 420.1 3.21 0.028 0.523 
 22 20 13.7 0.46 3.25 1.022 248.0 1.95 0.495 0.061 420.1 6.27 0.055 0.550 
 22 20 18.7 0.54 3.25 1.022 248.0 1.95 0.495 0.061 420.1 9.33 0.081 0.576 
 22 20 23.8 0.53 3.25 1.022 248.0 1.95 0.495 0.061 420.1 12.39 0.108 0.603 

⅜-A-SS-20 22 5 3.2 0.16 5.79 0.424 116.4 3.82 0.189 0.048 577.9 0.00 0.000 0.189 
 22 5 7.6 0.27 5.79 0.234 188.0 6.97 0.306 0.048 577.9 2.21 0.011 0.317 
 22 5 12.7 0.39 5.79 0.234 188.0 6.97 0.306 0.048 577.9 8.33 0.041 0.348 
 22 5 17.8 0.41 5.79 0.234 188.0 6.97 0.306 0.048 577.9 14.45 0.072 0.378 
 22 5 24.1 0.39 5.79 0.234 188.0 6.97 0.306 0.048 577.9 22.10 0.110 0.416 
 22 5 38.7 0.45 5.79 0.234 188.0 6.97 0.306 0.048 577.9 39.69 0.198 0.504 
 22 10 3.5 0.18 4.65 0.732 130.4 2.97 0.284 0.051 530.6 0.00 0.000 0.284 
 22 10 7.6 0.38 4.65 0.551 163.8 3.96 0.357 0.051 530.6 2.53 0.015 0.372 
 22 10 12.1 0.37 4.65 0.551 163.8 3.96 0.357 0.051 530.6 6.32 0.037 0.394 
 22 10 17.8 0.61 4.65 0.551 163.8 3.96 0.357 0.051 530.6 11.19 0.065 0.422 
 22 10 25.4 0.51 4.65 0.551 163.8 3.96 0.357 0.051 530.6 17.68 0.102 0.459 
 22 10 40.6 0.53 4.65 0.551 163.8 3.96 0.357 0.051 530.6 30.66 0.177 0.534 

3CF- 33 10 182 0.38 9.01 2.636 7.8 7.67 0.159 0.031 1224.7 147.34 0.223 0.382 
SILCNB- 33 10 182 0.47 9.01 2.636 7.8 7.67 0.159 0.031 1224.7 147.34 0.223 0.382 



 

Experimental Sheet predictions Droplet predictions Total 
Nozzle 

T (°C) ∆P (psi) r (cm) NL Lb (cm) kLs (cm/s) as (cm-1) ts (ms) NLs kLd (cm/s) d32 (µm) td (ms) NLd NL 
3CF- 38 10 74 0.28 8.52 2.888 7.6 7.26 0.160 0.033 1224.7 55.77 0.089 0.249 

SILCNB- 38 10 74 0.24 8.52 2.888 7.6 7.26 0.160 0.033 1224.7 55.77 0.089 0.249 
120 38 10 162 0.34 8.52 2.888 7.6 7.26 0.160 0.033 1224.7 130.71 0.209 0.368 

(cont.) 39 5 174 0.36 10.50 1.247 8.3 12.64 0.131 0.031 1333.9 196.94 0.274 0.404 
 39 5 174 0.37 10.50 1.247 8.3 12.64 0.131 0.031 1333.9 196.94 0.274 0.404 
 39 5 174 0.35 10.50 1.247 8.3 12.64 0.131 0.031 1333.9 196.94 0.274 0.404 
 39 5 80 0.33 10.50 1.247 8.3 12.64 0.131 0.031 1333.9 83.71 0.116 0.247 
 39 5 101 0.15 2          
 39 5 138 0.30 10.50 1.247 8.3 12.64 0.131 0.031 1333.9 153.57 0.213 0.344 
 39 5 119 0.29 10.50 1.247 8.3 12.64 0.131 0.031 1333.9 130.69 0.182 0.312 
 35 20 133 0.56 7.08 6.447 7.1 4.26 0.196 0.034 1124.5 75.84 0.136 0.332 
 35 20 169 0.51 7.08 6.447 7.1 4.26 0.196 0.034 1124.5 97.52 0.175 0.371 
 35 20 169 0.38 7.08 6.447 7.1 4.26 0.196 0.034 1124.5 97.52 0.175 0.371 
 35 20 153 0.34 7.08 6.447 7.1 4.26 0.196 0.034 1124.5 87.88 0.158 0.354 

 
1Data for ⅛-A-SS-2 was not included in the regression of the model parameters 
2Unusually low data point was neglected because of negative estimates for the sheet NL (NLs = NL – NLd) 
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Appendix H  Sample calculations for spray contacting 
 
Example 1:  Calculate NL for spray contactor such as the scrubber in Figure 1.1 
 
Assumptions: 
Physical properties of water at 60°C 
 Liquid density = 0.982 g/cm3 
 Liquid viscosity = 0.0052 g/cm s 
 Surface tension = 66.4 g/s2 
 Liquid phase diffusion coefficient for SO2 = 3.57 x 10-5 cm2/s 
Vertical header spacing of 5 ft 
3CF-120 spray nozzles (dor = 2 1/16 in) 
∆P = 7 psi 
d32 = 1240 µm 
θ = 90° (with countercurrent gas flow) 
 
 
The initial velocity may be calculated from the nozzle pressure drop. 
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L
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From the capacity rating of the nozzle and the operating pressure, 
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The initial thickness of the sheet at the nozzle exit is then 
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Dimensionless groups for the sheet are computed 
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The sheet breakup length is calculated from the empirical correlation 

 
The mass transfer coefficient of the sheet is given by the semi-empirical relation 
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The area per unit volume of the sheet 
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Then, the NL of the sheet is predicted as 
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In the droplet region, the sprays are assumed to be independent since no data exists 
for spray interaction or its significance for mass transfer.  The droplets travel from the 
nozzle down to the next spray header. 
 
The distance from the spray nozzle to the next header 
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The theoretical kL for oscillation is 
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Then, the N  of the droplet region is predicted as L

39.0
U

Lr
d
6k36.0N

o

b

32
LdLd =







 −








=  

 
When the spray droplets encounter the next header, the piping and nozzles associated 
with the header provide many opportunities for spray impact phenomena.  Assuming 
the spray flux is similar to those measured in the pilot scale experiments, 
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s
cm32.0rP53.0flux 8.146.0 =∆= −  

 
Then the mass transfer during spray impact may be estimated 

( ) 42.0fluxU0056.0N 47.055.0
oLimp == −  

 
 
The total NL is the sum of the contributions of the sheet, droplets, and impact. 

90.0NNNN imp,LLdLsL =++=  
 
 
 
Example 2: Oxygen (O2) absorption from air at 60°C and atmospheric pressure 
Same nozzle and scrubber design as above 
 
Physical properties same as before, except 
 Liquid phase diffusion coefficient for O2 = 5.24 x 10-5 cm2/s 
 Oxygen solubility m = 1.15 x 106 cm3/mol 
Assumptions: 
 The mass transfer is liquid phase controlled 
 O2 is the only species being transferred 
 Dilute concentrations of O2 in the water 
 
(a) Compute the concentration of dissolved oxygen in the water outlet. 

Water 
Cin = 0 
QL/Qg = 0.1 

Cout = ? 

Air 
yin = 0.21 

yout = ? 
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Calculate NL as before, correcting for the diffusion coefficient of O2. 
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For liquid phase control, NOL ≈ NL   
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A material balance gives the operating line for the absorber 

( ) ( )outinginoutL yy
RT
PQCCQ −=−  

 
Since the inlet concentrations and the gas-liquid ratio are known, the equations for 
NOL and the operating line may be solved simultaneously to determine the outlet 
concentrations. 
 
Thus, 
yout = 0.2097 
Cout = 1.21 x 10-7 mol/cm3 = 0.121 mM 
 
The concentration of O2 in the gas outlet is approximately the same as the inlet 
because the liquid to gas ratio and the solubility of O2 are low.   
 
 
(b) Determine the liquid to gas ratio to achieve 10% O2 in the gas outlet. 
 
The liquid to gas ratio may be varied to attain appreciable removal of O2 from the gas 
stream.  If the change in the total gas flow rate is small, it may be neglected and the 
liquid to gas ratio remains constant.  If the gas and liquid are assumed to be in plug 
flow, the above analysis may be followed. 
 
Plug flow case: 
QL/Qg = 42.5 
Cout = 9.47 x 10-8 mol/cm3 = 0.0947 mM 
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However, the gas phase is expected to experience backmixing.  If the gas phase is 
assumed to be well mixed and the liquid remains plug flow, then the equation for NOL 
has to be modified to use yout in the log mean driving force. 
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Again, the equations for the operating line and NOL are solved simultaneously.  To 
attain a concentration of 10% O2 in the gas outlet, 
 
Well mixed case: 
QL/Qg = 70.0 
Cout = 5.75 x 10-8 mol/cm3 = 0.0575 mM 
 
If the absorber were designed assuming plug flow (QL/Qg = 42.5) but the gas is well 
mixed, then the outlet concentrations would be 
 
yout = 0.126 
Cout = 7.24 x 10-8 mol/cm3 = 0.0724 mM 
 
In practice, the gas distribution will be somewhere between the plug flow and the 
well mixed cases.   
 

Liquid inlet 

Gas inlet 

Gas outlet 

Liquid outlet  
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In addition, the liquid phase mass transfer (kL) varies in the spray absorber and may 
be very different from the gas distribution.  The high kL in the sheet may result in 
local starvation of O2 depending on the distribution of gas flow.  Thus, fundamental 
modeling of spray gas-liquid contactors should combine the results of the current 
work with measurements of the gas phase mass transfer and gas distribution as a 
function of position in the contactor.   
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